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Abstract 
Seed tuber physiological age is known to influence a range of important growth 
processes in potato including early vigour of the plant, stem number per plant, hence 
tuber size distribution, time to emergence and the rate and duration of canopy cover rate 
of the plant. There is also an indication in published evidence to suggest that the 
expression of the seed tuber physiological age effects is modified by planting 
environment and varies with genotype. Furthermore, current process-based potato 
models do not capture the effect of the seed tuber physiological age and the interaction 
with planting environment. This reflects the lack of understanding and quantification of 
the effect of physiological age on potato growth. This thesis reports on physiology 
studies to investigate the effect of seed tuber physiological age and planting environment 
on stem number and component processes of pre-emergent growth and canopy 
development for important commercial cultivars of potato. The resultant findings are 
incorporated into a process-based potato model. 
Investigation of a production dataset collected from commercial potato paddocks in 
northern Tasmania showed that tuber size distribution was correlated with stem number 
per plant. The investigation also showed that planting environment (i.e. location, sowing 
date and soil type) varied with stem number. A follow-up controlled-environment trial 
provided further confirmation of the interaction between seed tuber physiological age 
and planting environment and that the response varies with genotype. 
Currently, the lack of any reliable measure of physiological seed age makes it difficult to 
develop response functions that can be incorporated into process-based models. With 
this in mind, a study was conducted to explore the possibility of using mitotic index as 
an indicator for tuber sprouting pattern as affected by seed tuber physiological age. 
Physiologically older tubers were found to have a higher mitotic index than younger 
tubers. However, mitotic index of the eye bud cannot be used to explain the sprouting 
pattern of the seed tuber having different physiological ages. Sprouting pattern was 
controlled by a correlative inhibition and availability of soil water. 
v 
Pre-emergent growth of sprouts after planting was characterised by an initial period of 
slow growth (lag phase) followed by rapid linear growth. The duration of the lag phase 
was strongly influenced by temperature. Linear growth of the longest sprout was 
significantly affected by the interaction between temperature and water potential and 
varied significantly between cultivars. 
Physiological age of the seed tubers was found to have a significant influence on the 
canopy development of potato. Plants grown from physiologically older tubers were 
characterized by more branching on the main stem nodes and smaller individual leaf size. 
Leaf appearance rate was affected significantly by seed physiological age with the 
response varying with cultivar. In Russet Burbank, leaves generated from 
physiologically older seed appeared at a faster rate (39.5 °Cd per leaf or 0.025 leaves per 
day degree) than leaves from physiologically younger seed tubers (51.2 °Cd per leaf or 
0.02 leaves per day degree). No significant difference was found between treatments for 
Atlantic although the first leaf in plants from older seed reached full size earlier ( 46.9 
°Cd) than plants from younger seed tuber (75.9 °Cd). Seed tuber physiological age did 
not significantly affect the leaf senescence rate. However, senescence commenced 
earlier in plants derived from older seed tubers. 
The results from the physiology studies were incorporated into a new process-based 
growth and development model for potato for use within the APSIM modeling 
framework. A conceptual model was developed for the relationship between seed 
physiological age, soil moisture and temperature conditions at sowing and stem number. 
The complete potato model (APSIM Potato) was calibrated for leaf and stem biomass, 
tuber yield and phenology against a dataset collected from commercial paddocks in 
northern Tasmania and then validated against a larger independent dataset (48 paddocks) 
covering a wide range of growing environments. The model was found to adequately 
predict tuber yield (R2 = 80% for 48 observed vs predicted plot). 
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Chapter 1 Background 
Chapter 1 Background 
As the following text will illustrate, potato is an emerging crop in Indonesia, grown 
primarily by smallholder farmers with low to moderate input levels (fertiliser, 
herbicides etc.) and producing sub-potential yields. In contrast, Tasmania is one of 
the largest producers of potato in Australia with production characterised by high 
input levels and high yields. Consequently, it is felt that there are potential synergies 
and future potato research and development collaboration opportunities between 
these two industries. The other key imperative for this study is a requirement from 
the funding agency (Australian Centre for International Agricultural Research, 
ACIAR) that the research undertaken benefit both the author's home country 
(Indonesia) and the donor country (Australia). 
Worldwide potato production trends 
Potato (Solanum tuberosum L.) originated in the Andes mountains of South America 
and has been widely cultivated all over the world. It has a very important place in the 
diet of people in Europe, America and Australia and it is the fourth most important 
food crop in the world after maize, wheat and rice. Since the 1990s, there has been an 
increase in demand and consumption in the developing countries of the world to the 
extent that by 2005 these countries were the biggest potato producers in the world 
(F AO 2007). The increase in production in developing countries is mostly due to an 
increase in harvested area. About one third of worldwide potato production occurs in 
China and India. However, yield recorded from these developing countries is about 
half of that recorded in the developed countries (F AO 2007). The increase in world 
population will present a number of challenges to potato production in the future. 
Modernisation and the demand for 'convenience food' are shifting consumption from 
fresh product to processed product, especially in the developing countries (F AO 
2007). In order to meet this increase in demand it will be necessary to both increase 
yield and the area under production. 
1 
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Australian potato production 
Potatoes are one of the most important vegetable crops in Australia, accounting for 
43% of total national vegetable production in 2005/06 (ABS 2007) . The main 
production areas in South Australia (10,686 ha), Victoria (8 ,403 ha) and Tasmania 
(6,717 ha), cover about 75% of the national potato crop (AUSVEG 2007). National 
production totals over the past five years have varied in response to fluctuations in 
total area planted across the country (Figure 1.1) (ABS 2007). 
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Figure 1.1. Annual production of potato and area planted in Australia from 2001 -
2005 (ABS 2007). 
The main potato growing areas in Australia are in the wet temperate coastal regions 
of northern Tasmania, Victoria and South Australia. These areas have cool summers, 
annual rainfall of 800-1000 mm and relative freedom from frost (mean annual 
maxima of 18-20 °C, minima 7-10 °C). Management typically involves high inputs 
of fertilizer and irrigation and the use of a variety of herbicides and pesticides. Potato 
is usually grown in rotation with other vegetable, cereal, pastoral and industrial crops. 
Potatoes are grown for the processing (56%), fresh (36%), and seed (8%) markets 
(AUSVEG 2006). Australia is becoming increasingly reliant on imported processed 
potato product (Figure 1.2) with the net value of imports more than doubling over the 
past 7 years. During 2006-07 the total imported tonnage rose by 55%, most in the 
form of frozen processed potato (AUSVEG 2007). The increase in imported product 
is due to lower production costs in other production areas, mainly Asia and New 
Zealand and rising costs of production are impacting the competitiveness and 
2 
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profitability of the Australian potato industry (FAQ 2007; AUS VEG 2006). In 2007, 
imports of frozen product from New Zealand increased by about 85% (AUSVEG 
2007). In order for the Australian industry to maintain market share it must improve 
production efficiency and product quality and reduce production costs . 
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Figure 1.2. Annual values of potato exports and imports for Australia (AUSVEG 
2007). 
Key constraints in the potato industry include inefficient water and nutrient use, non-
uniform quality and a range of disease and pest limitations (Simplot 2007). Potato 
production in Australia relies on supplementary irrigation to overcome rainfall 
deficiencies during the growing season. Improved irrigation infrastructure and 
scheduling that is able to deliver the right amount of water at the right time together 
with other water-saving agronomic practices/technologies are critical to improving 
water use efficiency, yield and reducing irrigation costs (Stevens et al. 2000). Key 
quality issue is uniformity of tuber size. This can be manipulated to some extent by 
changing the stem density and ensuring stress-free growing conditions, especially 
during tuber formation and growth (Struik and Wiersema 1999). Stem density is 
strongly influenced by seed tuber physiological status (Struik and Wiersema 1999) 
and affects both the number of tubers per plant and the tuber size distribution 
(Knowles et al. 2003). 
The presence of pests and diseases during the growth and development of potato may 
lower yield and reduce the marketable tuber yield. Common scab disease is known to 
be the greatest economic constraint currently facing the Australian potato processing 
3 
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industry (Wilson et al. 1999). Other pests and diseases faced by the industry include 
Rhizoctonia, eelworm/nematode, potato moth/grub, pink rot and tuber rot (Simplot 
2007). 
Indonesian potato production 
In Indonesia, potato is the second most important vegetable crop after cabbage, and 
recent figures indicate that potato production in Indonesia has been growing 
significantly both in area and yield (Table 1.1, Biro Pusat Statistik (BPS) 2007). 
Between the 1980s and 1990s there was an 80% increase in production area from 
30,000 ha to 50,000 ha (Gunawan 1997). The gains in both area and yield were 
promoted by the food diversification program implemented by the Indonesian 
Government which commenced in 1979 to counter the rising price of rice. In recent 
years however, national production has experienced a plateau (Table 1.1) in response 
to the restricted availability of suitable land and a range of agronomy issues related 
to declining soil fertility, potato disease and shortage of good quality seed (Adiyoga 
et al. 1999). 
Table 1.1. Annual harvest area, production and yield of potatoes in Indonesia. 
Area Production Yield 
Year 
(ha) (t) (t/ha) 
2001 55 971 831 140 14.8 
2002 57 332 893 824 15.6 
2003 65 923 1 009 979 15.3 
2004 65 420 1027040 16.4 
2005 61 557 1 009 619 16.4 
2006 59 748 1 011 911 16.9 
Source: BPS Statistics Indonesia 2007 
Recently, rising per capita income and urbanization in Indonesia has resulted in 
growing demand for fast food (especially French fries) and other processed potato 
products such as potato flakes, potato flour and starch (Agri Source Ltd. 2004). This 
increasing demand, coupled with restricted local production, make Indonesia a net 
importer of potato products. Furthermore, farmers often fail to meet industry 
requirements in terms of quality, quantity and the scheduling of supply (Adiyoga et 
al. l 999). In order to meet the growing demand, potatoes are planted throughout the 
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year m some reg10ns of Java and Sumatra. However, this continuous croppmg 
pattern brings the risk of higher pest and disease incidence. To counter this constraint, 
other crops such as cabbage are often grown in rotation with potatoes which further 
lowers the capacity to satisfy market demand. Compared to Australia, potato 
production is less intensive with fewer fertiliser, irrigation and chemical inputs. 
Production is primarily rainfed with irrigation restricted to the larger producers. 
Potato is produced in the more elevated, cooler areas of Indonesia above 
approximately 1000 m above sea level. The Pangalengan district of West Java 
produces the highest yield of potato in Indonesia followed by North Sumatera, 
Central Java and South Sulawesi. The largest area of potato production is in Central 
Java (Batur and Dieng district). 
An important consideration for the Indonesian industry is how to increase 
productivity in the area that is currently planted. Key constraints to increasing 
productivity are water and nutrient supply (W Mustafa; farmer in West Java 2005, 
pers. comm., 4 March; H Rapi; farmer in South Sulawesi 2005, pers. comm, 30 
March). In some parts of Indonesia, such as Sulawesi, potato is usually planted at 
the peak of the wet season between December and January in order to ensure an 
adequate water supply. However, this cropping pattern also coincides with high pest 
incidence and increased risk of disease. 
Hence, in both Indonesia and Australia, potato consumption, especially of processed 
product, is increasing and there is a growing reliance on imported product. The 
ability of local producers to meet this imbalance is being hampered by a range of 
production constraints/challenges related to nitrogen and water management, disease 
and land availability. 
Role of simulation modelling 
Process-based simulation models that capture the key crop growth and development 
responses to climate, management and soil variables have been successfully used 
across a range of agricultural enterprises to explore the impacts of, and to identify 
'best-bet' options for a range of management variables, including water and fertiliser 
(Keating et al. 1999; Bowen et al. 1999; Farre et al. 2000). Furthermore, such 
models have been used to explore land suitability issues (Carberry et al. 1992; 
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Haverkort 2004). Such modelling tools can also be used to extrapolate site and 
season specific results to other environments; as a research tool to aid in the 
interpretation of experimental data and responses; as a tool for learning/training to 
identify knowledge gaps; and to prioritize research investment and inform 
government policy. 
Current potato models - strengths and weaknesses 
The development of potato models has progressed steadily over the past 30 years 
since the development of the first comprehensive potato model by Ng and Loomis 
(1979, 1984). Currently, there are two widely used potato models, SUBSTOR 
(Ritchie et al. 1995) and LINTUL-POTATO (Kooman and Haverkort 1995). These 
two models have been used across many countries and for various applications 
(Bowen et al. 1999; Mahdian and Gallichan 1997; Shae et al. 1999; Caldiz et al. 
2002, Hijmans et al. 2003 ). 
The suitability of these modelling platforms in exploring production and system 
issues in Australia and Indonesia is constrained by a number of factors including: 
1. Restricted capacity to simulate the broad range of management options for 
potato based cropping systems in these two countries. In Australia and (to a 
lesser degree) Indonesia, potato is grown as part of a crop rotation and as 
such, is influenced by previous crops and influences following crops via 
residual soil effects. Consideration of these broader system interactions 
requires the integration of the crop models into a broader farming systems 
modelling framework. Such capability exists in the APSIM (Agricultural 
Production System Simulator) systems modelling framework developed by 
the Agricultural Production System Research Unit (APSRU). This framework 
consists of a library of individual modules that simulate the different 
management, biophysical and environmental components of the farming 
system and their associated interactions (Keating et al. 2003). Until recently, 
APSIM crop model development has focussed on grain and forage species 
with little consideration of vegetable crops. 
2. Restricted ability to simulate certain important physiological processes 
relating to stem number, physiological age, tuber size distribution, pre-
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emergent growth and leaf growth. A key determinant of potato crop quality is 
tuber size distribution, especially in crops grown for processing. Tubers that 
fall outside the marketable size range are rejected with resultant price and 
income penalties which could be detrimental to small holder farmers such as 
in Indonesia. While the key physiological drivers of tuber size distribution are 
reasonably well understood (Struik and Wiersema 1999), currently available 
potato models do not effectively simulate this variable. It is known that tuber 
size distribution is closely related to tuber number per plant which is 
determined by stem number per plant (Haverkort et al. 1990). Stem number 
per plant is, in tum, influenced by the physiological age of the planted seed 
tuber (Knowles et al. 2003; Struik et al. 2006). A reliable means of 
simulating tuber size distribution would represent a significant advancement 
in potato simulation capability and might potentially enable the exploration of 
options for optimising tuber size. 
Pre-emergent growth is known to be influenced by planting environment 
especially soil temperature (Sale 1979). However, other environmental 
factors during planting such as moisture condition and the physiological age 
of the seed tubers may also alter the growth of sprouts after planting (Firman 
et al. 1992). These factors are not captured within existing potato models. 
Improved understanding of how these factors interact to affect pre-emergent 
growth may enable the development of a more reliable component model for 
pre-emergent growth. Similarly, the simulation of leaf growth and potato 
canopy architecture is simplified in current models. The models do not take 
into account the effects of seed tuber physiological age, genotype and nutrient 
status on leaf growth (Vos 1995; Firman et al. 1991, 1995). 
3. Lack of parameterisation/validation for the specific genotypes, management 
and climate conditions prevailing in Indonesia and Australia. To the best of 
our knowledge, the leading potato models have not previously been applied in 
Australia and Indonesia and hence have not been parameterised/validated for 
the genotype, management, climate and soil conditions prevailing in these 
countries. 
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Thesis objectives 
The objectives of the study reported in this thesis are as follows: 
1. To conduct a broad range of physiological studies to address recognised 
knowledge gaps in the areas of stem number production, tuber size 
distribution, leaf area production and pre-emergent growth. A common thread 
through these studies is the effect of physiological age and its interaction with 
growing environment; 
2. To develop process-level models that capture the key findings from the 
physiology studies; 
3. To incorporate these process level models into a new growth and 
development model for potato suitable for systems analysis in Australia and 
Indonesia; 
4. To validate the new potato model 
Thesis Structure 
Chapter 2 provides a background to the study and a detailed review of relevant 
literature. Chapter 3 investigates selected responses within a production database of 
the Tasmanian potato industry. Chapters 4 and 5 report on physiological 
investigations relating to the interaction between seed tuber physiological age and 
planting environment on stem number production. Chapters 6 and 7 report on studies 
into the effect of physiological age on pre-emergent and leaf growth. Chapter 8 
describes the parameterisation and validation of the new APSIM potato model. The 
final chapter discusses and integrates the results from the physiology and modelling 
studies. 
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The role of simulation models in decision support and system 
understanding 
Process-based simulation models provide a framework for capturing and integrating 
current understanding of crop growth and development processes and related 
interactions with other components of the farming system including soil, climate and 
management. This capacity allows the models to be used to assist in exploring a 
range of complex issues in agricultural production systems (Penning de Vries and 
van Laar 1982). 
As a 'snapshot' of the current state of physiological understanding, crop models 
serve to identify knowledge deficiencies. Models can potentially quantify the impact 
of, and sensitivity to, these knowledge gaps and in doing so, help to prioritize 
research activity. For example, a modelling study by Farre et al (2000) found that a 
decision support tool for maize production was unable to adequately predict 
irrigation responses due to the inability of the parent model to predict the effect of 
drought on leaf senescence and canopy architecture. This formed the basis of future 
research investment in order to address these knowledge gaps. 
Dynamic, process-based models provide a means of extrapolating site and season 
specific results to other environments. Field results, by their very nature, are specific 
to the climatic, management and soil conditions under which they are conducted. 
Through the use of long-term historical climate records and site-specific soil 
characteristics it is possible to extrapolate the results both geographically and 
temporally, thus increasing their value and applicability. Haverkort and van Haren 
(1998) describe this capacity when they used a potato crop model to examine the 
degree of adaptation of some potato cultivars and new genotypes to a range of 
contrasting growing areas and seasons around the world. 
Simulation models provide a rapid, cost effective way of assessing responses to 
changes in management and the growing environment and, where there is sufficient 
confidence in model performance, identifying best-bet management options from 
economic, environmental or other imperatives. Field trials are both time-consuming 
and expensive to conduct and because of this, difficult choices need to be made in 
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terms of which treatments are going to be prioritized. Furthermore, as stated above, 
the results are specific to a given, narrow set of conditions. Modelling provides a 
means of rapidly screening a wider range of potential treatments with a view to 
short-listing the most interesting options for in-field assessment (Probert et al. 1997; 
McCown et al. 1996). 
In addition, the modelling of trial or field results will often contribute valuable 
insights into the mechanisms underlying measured responses. Often the variables that 
are responsible for these mechanisms are either too expensive or impossible/difficult 
to measure in the field (Cheero-Nayamuth et al. 2000). As an example, Spitters and 
Schapendonk (1990) used a crop growth simulation as a tool to gain insights into the 
morpho-physiological components of drought tolerance in potato and used this 
knowledge to develop improved breeding strategies for the crop. 
Dynamic, process-based potato models - status, strengths and 
shortcomings 
A brief history of potato modelling 
The development of potato models has been well documented in the literature over 
the past 30 years (reviewed by Kabat and van den Broek 1995; MacKerron 2007; 
Marshall 2007). Potato modelling work was started at the end of the 1970's by Hartz 
and Moore (1978) who developed a prediction of final yield of potato based on 
regression of temperature and insolation data. In 1979, an empirical potato model 
was developed for Australian growing conditions (Sands et al. 1979; Hackett et al. 
1979a and Hackett et al. 1979b). The model (known as the 'pocket calculator for 
potato'), which was derived from a time series analysis of data from well managed 
experimental crops, calculates biomass accumulation and partitioning and tuber yield. 
The model calculates yield based on the tuber bulking rate and the timing of crop 
phenological events as determined by thermal time accumulation after plant 
emergence. However, the model does not reliably predict phenology stages, has 
limited management flexibility and does not take into account the effects of 
daylength on tuber initiation. Regel and Sands (1983) incorporated new capabilities 
into this model, including tuber initiation response to daylength and improved 
management functionality (such as plant density and cultivar effects). Estimation of 
tuber quality was then added into the pocket calculator by Sands and Regel (1989). 
10 
Chapter 2 Literature review 
The first dynamic model to capture physiological plant organ processes and their 
relationship with the environment was developed by Ng and Loomis (1979, 1984) 
and was known as POT A TO. This was the first potato model to capture the effect of 
radiation and temperature on photosynthesis. Many of the physiological concepts 
incorporated in POTATO were utilized in the development of later models such as 
LINTUL-POTATO (Kooman and Haverkort 1995) and SUBSTOR (Ritchie et al. 
1995). 
A number of other similar empirical and dynamic models were developed by Ingram 
and McCloud (1984), MacKerron and Waister, (1985), and Spitters and 
Schapendonk (1990). The next significant advancement came with the linkage of soil 
water and nutrient balance models for the estimation of stress limited yield. Models 
with this capability include SUBSTOR (Ritchie et al. 1995), a model by van den 
Broek and Kabat (1995) and the CropLogic Potato Calculator (Jamieson et al. 2004). 
SUBSTOR and LINTUL-POTATO 
Currently, the two most widely used potato models internationally are SUBSTOR 
(Ritchie et al. 1995) and LINTUL-POTATO (Kooman and Haverkort 1995). 
SUBSTOR (Simulate Underground Bulking STorage ORgans) is derived from the 
cereal model CERES (Jones and Kiniry 1986). SUBSTOR is designed as a potato 
decision support system to identify knowledge gaps and research priorities and 
serves as a tool to understand the plant-nutrient relation. SUBSTOR has been widely 
used in many countries across the world for a diverse range of applications including 
determining the optimum planting time (Bowen et al. 2002), optimum irrigation 
schedules (Shae et al. 1999) and optimum nitrogen fertilizer regimes (Bowen et al. 
1999). 
LINTUL-POTATO (Light INTerception and UtiLisation for POTATO) was 
developed in the Netherlands and based on the studies of Kooman (1995) into 
temperature and daylength effects on the growth and development of eight different 
cultivars of potato. LINTUL-POTATO has been used widely across South America 
in the agro-ecological characterization of potato to identify yield determining, 
limiting and reducing factors (Caldiz et al. 2002; Kooman and Haverkort 1995) and 
to test the feasibility of new agricultural methods e.g. the use of new cultivars 
(Hijmans et al. 2003). 
11 
Chapter 2 Literature review 
Phenology 
Four important phenological stages in potato life are generally identified: planting to 
emergence, emergence to tuber initiation, tuber bulking and maturity. While 
SUBSTOR takes into account break of dormancy in determining the time to 
emergence, LINTUL-POTATO assumes that end of dormancy has occurred prior to 
planting. Another difference is that LINTUL-POTATO adds an extra phase at the 
end ofleaf growth at which point 90% of biomass is allocated to tuber growth. 
The end of the growing cycle in LINTUL-POTATO is defined by the leaf senescence 
rate while in SUBSTOR the end of organ growth (leaf, stem, root and tuber) depends 
on the availability of carbohydrate. 
Pre-emergent growth 
SUBSTOR takes into account the seed biomass reserve in the early stages of plant 
growth (Ng and Loomis 1984) and the effect of sprout length on sprout growth rate 
at planting (O'Brien et al. 1983). This enables simulation of growth from both 
sprouted and unsprouted seed. In LINTUL-POTATO, the pre-emergent phase is 
temperature dependent and characterized by a specified sprout growth rate 
(1 mm I degree days (°Cd) above a base temperature of2 °C (>Tb 2 °C)), MacKerron 
and Waister 1985). For both models, the time to emergence is a function of sprout 
elongation rate and planting depth. 
Lea/growth 
Both LINTUL-POTATO and SUBSTOR calculate leaf area index (LAI) based on 
daily leaf expansion and senescence as determined by temperature and assimilate 
availability. In LINTUL-POTATO, in the early stages of crop growth, temperatures 
rather than assimilate availability determine leaf area expansion (Kooman and 
Haverkort 1995). At the optimum temperature for leaf growth, canopy development 
is driven by an optimum leaf expansion rate of 0.012 m2 m-2 d- 1 (adopted from 
Spitters and Schapendonk 1990). The leaf expansion rate is decreased linearly with 
temperature below and above the optimum temperature of 35 °C (Kooman and 
Haverkort 1995). When the temperature sum from emergence exceeds 450 °Cd or the 
leaf area index exceeds 0.75, the increase in leaf area is determined by the 
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availability of assimilates and is calculated as the product of leaf dry weight and 
specific leaf area. 
In LINTUL-POTATO, leaves are attributed with classes based on the day on which 
they are formed and a specified longevity of 1 OOO °Cd which determines the 
senescence of leaves in each class. A class of leaf is senesced when the temperature 
sum integrated by the class exceeds the leaf longevity or when the leaf area above the 
leaf layer is such that shading is too strong. The leaf longevity is also influenced by 
tuber growth such that fast growing tubers reduce leaf longevity (Firman et al. 1995). 
Crop growth ceases when the leaves in the latest class have senesced. 
In SUBSTOR, leaf area expansion is driven by air temperature (Ritchie et al. 1995). 
The model assumes an optimum temperature range for leaf expansion of 15 - 24 °C 
(Ingram and McCloud, 1984). Actual leaf expansion takes into account water and 
nitrogen stress factors. A parameter, specifying daily leaf senescence, represents the 
fraction of carbon in senesced leaves that is translocated prior to abscission. Neither 
LINTUL-POTATO nor SUBSTOR simulate branching. 
Biomass production 
Both SUBSTOR and LINTUL-POTATO use a radiation use efficiency approach to 
convert intercepted radiation into biomass (Spitters 1987; Spitters and Schapendonk 
1990). Dry matter production in both models is calculated based on the amount of 
radiation intercepted by the leaf area and the efficiency of the plant in transforming 
the energy into dry matter. In LINTUL-POTATO, the efficiency of biomass 
conversion is sensitive to temperature and is reduced when temperature is below 19 
°C or above 24 °C. In SUBSTOR, a modifier for biomass production, the 
photosynthesis efficiency factor, captures the combined effect of temperature, water 
stress and nitrogen stress on photosynthesis. 
Biomass partitioning 
Biomass partitioning involves allocation routines to the main plant parts namely root, 
stem, leaf and tuber. In SUBSTOR, after plant emergence, three carbon sources are 
maintained, the seed reserve, current photosynthesis and reserve carbohydrate 
(Ritchie et al. 1995). Immediately following emergence, growth is supported 
primarily by seed reserves and seed reserve availability decreases with increase in 
plant leaf area up to 400 cm2 I plant (Ng and Loomis 1984). When total biomass from 
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photosynthesis is greater than the growth demand, excess carbon enters a soluble 
carbohydrate pool, up to a biomass equivalent to 10% of tops (stem + leaf) dry 
weight (Ng and Loomis 1984). This reserve carbohydrate pool is allowed to 
accumulate only when seed reserve is no longer available (plant leaf area is bigger 
than 400 cm2/plant). To support plant daily growth, biomass from current 
photosynthesis carbohydrate pools is always used first. When additional carbon is 
required and the current rate of photosynthesis is unable to meet growth demand then 
one of the carbohydrate pools (seed reserve or reserve carbohydrate) is used. Prior to 
tuber initiation, biomass is allocated to leaf, stem and root and each organ is given 
equal priority. A shortage of carbon for growth during this stage results in a 
reduction in the growth of all plant components. After the commencement of tuber 
initiation, tubers receive first priority for biomass allocation. Tuber demand is a 
function of soil temperature and tuber expansion rate. 
In LINTUL-POTATO, there is a gradual increase in the proportion of biomass 
allocated to tuber growth following tuber initiation and as the tubers grow they 
become an increasing sink for photosynthate (Kooman and Haverkort 1995). This 
increase continues until all daily biomass production is partitioned to the tuber 
(coincides with the end of leaf growth). 
Tuber production 
The time to tuber initiation and the length of tuber bulking are simulated differently 
in the two models. In both models the time to tuber initiation is temperature and 
daylength dependant. In SUBSTOR, tuber initiation is also sensitive to the extent of 
water and nitrogen stress (Ingram and McCloud 1984). In LINTUL-POTATO, the 
duration from emergence to the start of tuber growth depends on the development 
rate until tuber initiation which increases with temperature increase between 
10 - 21 °C. The start of tuber growth in this model is sensitive to daylength with 
longer daylengths delaying the commencement of tuber growth. After tuber initiation, 
tuber growth proceeds at a rate of 0.37 g/g/day (Ingram and McCloud 1984). The 
tuber growth rate is sensitive to temperature with growth rate falling when the 
temperature falls below 16 °C or rises above 24 °C. The duration of tuber bulking is 
determined by the leaf senescence rate, with tuber filling ending when the leaf in the 
latest leaf maturity class has senesced. 
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Root growth 
In SUBSTOR, root growth is simulated during early growth i.e. the pre-emergent and 
vegetative stage. In the pre-emergent stage, the rate of root growth is equivalent to 
the rate of sprout growth. In the vegetative stage, roots initially receive an allocation 
of biomass equivalent to that received by the leaf and stem fractions (Ritchie et al. 
1995). This allocation gradually decreases from emergence to tuber initiation, at 
which point root growth is halved. Root growth is not simulated in LINTUL-
POT A TO (Kooman and Haverkort 1995). 
Stress simulation 
The original version of LINTUL-POTATO did not capture soil water and nutrient 
stress physiology (Kooman and Haverkort 1995). More recently, van Haren et al. 
(1998) developed a water balance model for use with LINTUL-POTATO. This 
revised model known as LINTUL2, simulates attainable crop production i.e. crop 
production under water limited conditions. Water stress indices are calculated as a 
function of the ratio between actual and potential transpiration. This stress factor acts 
on total crop growth and the partitioning of biomass between the root and other plant 
fractions. 
Two soil water deficit factors are calculated in SUBSTOR which act to reduce the 
rates of leaf expansion and photosynthesis, alter the allocation of assimilate to tubers, 
and promote phenological development (Ritchie et al. 1995). These stress factors are 
dimensionless and range between 1.0 (no stress) to 0.0 (maximum stress). Both 
factors are based on the ratio of maximum possible water uptake from the soil and 
maximum transpiration rate. Similarly, two nitrogen stress factors are calculated in 
SUBSTOR and act to reduce photosynthesis and leaf expansion (Ritchie et al. 1995). 
These stress factors are based on the ratio of nitrogen supply and demand. 
Some limitations of existing potato models 
Potato size distribution and seed physiological age effects 
For commercial potato production, marketable yield is often more important than 
total yield. Different markets have different size requirements, for example 40 - 70 g 
for seed tubers (Struik and Wiersema 1999) and > 100 g for processing tubers 
(Knowles et al. 2003). The ability to model tuber size distribution would be a useful 
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tool for exploring the optimum management practice to maximize marketable yield 
across a range of environments. A dynamic model was developed by MacKerron et 
al. (2004) to predict tuber size distribution for different market outlets. The model 
calculates the grade distribution based on the seed rate at planting (planting density) 
which determines the stem number per plant and tuber number per square meter. 
However, this model does not take into account the physiological age of the seed 
tuber, which is the key determinant of stem number per plant (Knowles et al. 2003; 
Mac Kerron et al. 2004; Christiansen et al. 2006). Stem number, in turn, is a strong 
determinant of tuber size distribution (Struik et al. 1990). 
Physiological age is the physiological state of the seed tuber at any given time (Reust 
1986) or 'the stage of development of the tuber, which is modified progressively by 
increasing chronological age, depending on growth history and storage conditions' 
(Struik and Wiersema 1999 p. 76). Physiological age has been reported to affect a 
wide range of crop attributes (Table 2.1) (see reviews by Struik and Wiersema 1999; 
Coleman 2000) including the stem number per plant. 
The physiological age status of the seed tuber is affected by many factors both prior 
to harvest and during post-harvest handling and storage (Struik and Wiersema 1999). 
The absence of physiological age functionality from current growth and development 
models, despite the reported effects of this parameter is at least partially explained by 
the absence of accurate measures of physiological age. Knowles et al. (2003) 
propose one of the first published attempts for predicting the stem number and tuber 
size distribution as influenced by the physiological age of the seed tuber. This simple 
empirical model predicts yield for a range of tuber size classes which can be 
produced by a specific range of stem numbers per plant. 2-methyl-butanol content of 
the seed is used as a biochemical marker of the seed tuber physiological age, and is 
used as an input to determine the stem number per plant, which in turn defines the 
distribution of size of tuber yield per plant. However, as an empirical model, plant 
responses to other important environmental factors are not captured in the model. 
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Table 2.1. The effect of seed physiological age on potato growth processes (Iritani 
and Thornton, 1984). 
Characteristic Young seed Old seed 
Emergence Slower Faster 
Stand Greater Lesser 
Early vigour Greater Lesser 
Foliage More Less 
Stems per plant Less More 
Tuber formation Later Earlier 
Formation period Longer More uniform 
Tuber number Less More 
Tuber bulking Longer Shorter 
Tuber sizing Larger Smaller 
Senescence Later Sooner 
Early harvest yield Lower Greater 
Late harvest yield Greater Lower 
An improved understanding of the effect of the seed tuber physiological age on stem 
number production, and the inclusion of this effect in potato growth models, would 
represent a significant advance in potato modelling capacity. 
Leaf area production 
The simulation of leaf area production in the current potato models such as LINTUL-
POT A TO and SUBSTOR is based on an overall increase in leaf area index (Kooman 
and Haverkort 1995; Ritchie et al. 1995). No allowance is made for branching. An 
alternative approach for simulating leaf area production in models such as APSIM 
(Keating et al. 2003) is to model leaf area production as a function of four 
component/concurrent processes, namely leaf appearance, branching, leaf expansion 
and leaf senescence. These components are critical in defining potato canopy growth 
and development (Fleisher and Timlin 2006). 
Differences have been reported in leaf area production between plants established 
from seed tubers of different physiological ages (Firman et al. 1995). Plants from 
physiologically aged seed tubers tend to have more nodes on the main stem (Firman 
et al. 1991 ). In later work the same authors found that the phyllochron of main-stem 
leaves reduced with increased seed age, although this varied between cultivars 
(Firman et al. 1995). Physiological age can also indirectly affect canopy architecture 
by altering the stem number. Allen and Scott (2001) argue that the physiological 
status of the seed tuber which determines the number of stems growing from a 
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mother tuber in tum influences the rate of leaf cover. Therefore success in capturing 
the effect of the seed tuber physiological age on leaf area production will improve 
the accuracy of the potato models. 
Ability to simulate broader system interactions 
Farming system analysis requires consideration of a complex array of interactions 
between the soil, climate, plant, livestock and human (i.e. management) elements of 
the system. In most production areas, potato is typically grown in rotation with a 
number of other crops and hence will be influenced by carry-over effects of 
preceding crops and their related inputs and management. Hence, it is important that 
any new potato model be incorporated into a broader farming systems modelling 
framework that is able to capture these processes and associated interactions. Such 
capability exists in the APSIM framework (Keating et al. 2003). APSIM has been 
developed by the Agricultural Production System Research Unit (APSRU), a 
collaborative group made up from Australia's Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) and Queensland State Government 
agencies. APSIM has been used in a broad range of applications, including support 
for on-farm decision making, farming system design for production or resource 
management objectives, assessment of the value of seasonal climate forecasting, 
analysis of supply chain issues in agribusiness activities, development of waste 
management guidelines, risk assessment for government policy making and as a 
guide to research and education activity (Keating et al. 2003). Furthermore, APSIM 
has been tested in a wide range of conditions across Australia (Probert et al. 1998; 
Moot et al. 2001; Asseng et al. 1998) and internationally in Africa (Robertson et al. 
2000) and the Netherlands (Asseng et al. 2000). 
The APSIM framework consists of a library of plug in I plug out modules which 
represent the key biological (i.e. crops, cattle), environmental (i.e. climate, soil) and 
human (i.e. management) components of the farming system. System designs of 
interest are 'constructed' by plugging the relevant modules into the APSIM engine 
(Figure 2.1, Keating et al. 2003). 
Crop modules in APSIM are available for the main grain, forage and fiber crops 
grown in Australia. Currently, there is no capability for simulating potato crops in 
APSIM. More generally, there is no functionality for dealing with physiological age; 
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stem number estimation, tuber formation, and the simulation of tuber size 
distribution. The absence of these aspects provides the basic impetus fo r the body of 
research addressed in this thesis. 
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Figure 2.1. Diagrammatic representation of the APSIM simulation framework with 
individual crop and soil modules, module interfaces and the simulation engine 
(Keating et al., 2003). 
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Factors affecting tuber number and size distribution 
Both the total yield and the marketable yield are important in potato crop production, 
with the marketable yield being more difficult to model as it corresponds to the 
quality characteristics required for the specific end use. The most widely studied 
quality attribute is tuber size, and for the majority of crop end uses the tuber size 
distribution is a key determinant of marketable yield. While crop yield has been 
adequately simulated in the existing potato models, prediction of tuber size 
distribution currently is in a less satisfactory state. Size distribution within the total 
tuber yield is important for production of crops for major markets; processing, seed 
or fresh market. Tuber size distribution in the crop is important to growers as high 
yield is not necessarily profitable, with tubers outside of the specified marketable 
tuber size range being unsaleable or attracting a low price. As tuber size is a key 
quality attribute, much agronomic research has been done on manipulating tuber size 
distribution in potato crops. Specific management practices have been recommended 
for production of crops for different purposes in order to maximize the proportion of 
tubers in the target size range (Struik and Wiersema 1999; Love and Thompson-
Johns 1999). Inclusion of knowledge gained from the studies identifying key factors 
affecting tuber number and size distribution may permit expansion of models to 
predict marketable yield in potato crops. 
In addition to tuber size, tuber shape, appearance, absence of disease or defects, 
flavour and texture also contribute to quality attributes of the yield (Stark and Love 
2003). For processing product, starch and sugar content are the major quality 
characteristics which can influence the production costs by affecting the amount of 
input material and the quality of the product. High starch content and low sugar 
levels are preferably for the processed product, and these can be achieved by 
harvesting the tubers at the right physiological maturity. These attributes can be 
influenced by the environment and cultural factors that maximize the tuber specific 
gravity and minimize tuber sugar content (Stark and Love 2003). Earlier destruction 
of haulm can result in lower starch content and higher sugar level. Likewise, in seed 
tuber production, quality characteristics such as the health and vigour of the seed 
tubers (Brown et al. 2003), which are commonly referred to as physiological quality 
characteristic (Struik and Wiersema 1999), are desirable. These characteristics can be 
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influenced by the seed crop growmg conditions. Therefore, strategies used in 
manipulating tuber size also need to take into account the need to maintain good 
plant health throughout the tuber bulking stage, time for haulm killing and harvest 
related to physiological maturity. 
Yield can be divided into component factors; plants per area, stems per plant, tuber 
numbers per stem and tuber weight. Each of these components can be examined 
separately to identify the factors affecting it. Plants per area and tuber numbers per 
stem are determined by the seed rate or planting density and the number of tubers 
initiated in tuber initiation process, respectively (Struik and Wiersema 1999). Stems 
per plant are thought to be influenced mainly by the physiological status of the seed 
tuber. These components in tum influence the tuber number per unit area or the total 
yield. 
Planting density has been known to alter the proportion of tubers produced for the 
targeted market. Love and Thompson-Johns (1999) found that size distribution 
shifted from predominance of small tubers at narrow intra-row spacing to a 
predominance of large tubers at wide spacing, with the size of the differences being 
cultivar dependent. The responses were due to a decrease in number of tubers per 
stem with increased planting density, but increased tuber number per unit area and a 
corresponding decrease in the average tuber weight (Vecchio et al. 1991; Gregoriou 
2000). The effect of planting density on the number of tubers per stem is suggested 
to be the consequence of changes in frequency of occurrence of lateral and branch 
stolon types as well as tuberization (O'Brien et al. 1998a). Celis-Gamboa (2002) 
found that increases in tuber number at low densities was due to stolon branching. 
Higher planting density may change the plant growth rate by increasing the 
competition between plants for incident radiation, thus reducing the abundance of 
assimilate within each plant, which is important to promote initial tuber formation 
(Perl et al. 1991) and growth of stolons and tubers. 
Although planting density can be easily controlled by adjusting the planting 
equipment to give the specified spacing within the row, stem number per plant and 
tuber number per stem are less controllable. Stem density was found to increase 
linearly with planting density, however there was a year to year variability in this 
response (Bussan et al. 2007). This could be due to variability in stem number/plant. 
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Furthermore, O'Brien et al. (1998b) found no effect of increased planting density on 
the number of main stems per plant, a finding which was confirmed later by 
MacKerron et al. (2002) who stated that there was no systematic effect of changes in 
spacing on stem production. 
Number of tubers which can be produced per stem is mainly affected by the pattern 
of initiation and growth of stolons and tubers on the stem (O'Brien et al. 1998a; 
Struik et al. 1990). These are determined by genotype and environment (Celis-
Gamboa et al. 2003b). O'Brien et al. (1998a) suggest that these characteristics were 
found to be consistent between many cultivars, but may be altered by disease (Struik 
et al. 1990) and physiological age of the seed tubers (Firman et al. 1991 ). The 
number of stolons per stem is determined by number of below-ground nodes and 
stolon branching (Struik et al. 1990; Celis-Gamboa et al. 2003b). Under optimal 
conditions for tuberization, total proportion of stolons producing tubers is determined 
by cultivar (Struik et al. 1990) and inter-stem competition was not likely to reduce 
this proportion (Svensson 1962 cited in Struik et al. 1990). 
Adjusting the planting density has been shown as a useful agronomic practice to 
manipulate the tuber size produced. The optimum spacing for the cultivar can be 
used to achieve the highest potential yield and early haulm killing used to ensure 
more of the tubers are in the small size class. However, this can result in total yield 
being lower than if crop had been left to fully mature. In addition, this practice can 
affect the yield of subsequent crop by altering the physiological quality of the tubers. 
Brown et al. (2003) found that early haulm killing (90 days after planting) resulted in 
seed tubers giving lower yield in the next growing season compared to later haulm 
killing dates. 
While growers can exert a high degree of control over plant density, the management 
of stem number per plant and tuber number per stem is less certain. The tuber size 
distribution for each plant is primarily affected by tuber number per plant and total 
tuber yield per plant. The number of tubers per plant affects the size distribution by 
altering the biomass partitioning from above ground parts to the tubers. An increase 
in the number of tubers per plant reduces the availability of photosynthate to each 
individual tuber (Oparka and Davies 1985). Consequently, individual tuber size 
decreases with increasing tuber number per plant. Much research has been done on 
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the manipulation of this parameter. The major focus for management of the tuber 
number per plant has been through manipulation of the stem number per plant. 
When seed tubers are planted at the target planting density, and given that growing 
conditions at tuber initiation are at optimum level, stem number per plant is likely to 
become the major factor that determines the number of tubers per plant, and hence 
the tuber numbers per unit area or yield of marketable sized tubers. 
The relationship between tuber number per plant and stem number per plant has been 
widely documented. Tuber number per given area was closely correlated to the 
numbers of stems per given area (Struik et al. 1990) and in a later study, this 
correlation was found in most of the cultivars (Struik et al. 2006). Haverkort et al. 
(1990) found some linear relationships between the numbers of sprouts and stems per 
seed tuber, and numbers of stolons and tubers. Increased numbers of tubers per plant 
were associated with plants that produced higher stem numbers and therefore more 
stolons per plant. Each additional stem produced by a plant may allow initiation of 
more tubers, resulting in higher tuber set per plant (Reust 1994 cited in Struik and 
Wiersema 1999). 
As a consequence of increased stem number, a modification in the tuber size range is 
likely to occur. Work by Iritani et al. (1983) showed that yield of small tubers 
increased and larger tubers decreased with increasing stem number, with little effect 
on total yield (Knowles and Knowles 2006). Based on the correlation between stem 
number per plant and tuber number per plant, a predictive relationship between stem 
number and tuber size distribution has been proposed by Knowles et al. (2003) 
(Figure 2.2). 
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Figure 2.2. Estimation of tuber size distribution based on stem number (adopted from 
Knowles et al. 2003, the regression model on which this estimation is based was 
derived from two years of field data, 2001-2002). 
Plants with lower stem number were likely to produce tubers in the processing size 
range, therefore decreasing the percentage of rejected tubers by the industry. On the 
other hand, plants with higher stem number were more likely to produce tubers in the 
size range for seed production. This signifies the importance of the stem number 
production in order to simulate the tuber size distribution. Therefore the first step 
toward the attempt is identification of factors that affects the stem production. Stem 
number per plant depends on several factors such as cultivars, seed tuber size and the 
physiological age of the seed tuber. 
Physiological age of the seed tuber 1s the key driver to the stem 
number 
One of the key determinants of stem number per plant is the physiological age of the 
seed tuber. Stem number per plant is assumed to increase with increasing 
physiological age of the seed. Physiologically aged seed tubers generally are 
characterized as producing a plant with greater stem number per plant (Olsen 2001). 
Physiological age of the seed tuber affects the stem number produced as a result of 
gradually decreasing apical dominance in the seed tuber (Knowles et al. 2003 ; 
Pavlista 2004; Struik and Wiersema 1999). Understanding the physiological age 
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effect on stem number could be a great benefit in modelling the stem number 
prediction which in turn can be used to simulate the quality component of the potato 
yield. 
Physiology of sprouting 
Following harvest, a seed tuber is in a dormant condition, the duration of which may 
be altered by genetics and the previous environmental conditions. This stage is 
characterized by no sprout growth even when the seed tuber is exposed to favorable 
conditions for sprouting. The meristematic cell activities in the bud on a dormant 
tuber are blocked in the G 1 mitotic phase (Campbell et al. 1996). Following the loss 
of dormancy, which has been reported to coincide with decrease in sensitivity to 
abscisic acid (ABA) and increase in gibberellic acid concentration within tubers 
(Suttle 2000; Moorby and Milthorpe 1975; Claassens and Vraugdenhil 2000), mitotic 
activity in the bud is slowly resumed and the seed tuber starts to sprout. The 
resumption of cell activities signals starch breakdown (Moorby and Milthorpe 1975) 
and glucose- I-phosphate which derived from starch breakdown by Starch 
phosphorylase (STP) is converted by UDPglucose phyrophosphorylase (UGPase), 
Sucrose phosphate synthase (SPS) and Sucrose-phosphatase (SSP) into sucrose 
needed to support the growing sprout (Claassens 2002; Hajirezai et al. 2003). 
Although dormancy breakage has been well studied, it is not clear whether the 
factors that affect the end of dormancy are the same as the factors that induce the 
sprouting. Hormonal and biochemical changes in the tuber during dormancy all point 
to factors that can reduce the dormant period but the factors that can induce the start 
of sprouting (mitotic resumption) have not been identified. Dormancy is thought to 
be mainly affected by genetics and the processes leading to the resumption of bud 
growth have no rigid environmental control (Moorby and Milthorpe 1975). Some 
findings of processes that occur prior to visible sprouting are an increase in invertase 
activities (Ross and Davies 1992), increase in reducing sugars which is accompanied 
by a decrease in sucrose (Dimalla and van Staden 1977), increase in gibberellic acid 
(GA) level (Suttle 2000) and cellular activities (Moorby and Milthorpe 1975). 
According to Viola (2001) resumption of cell-to-cell communication in the apical 
bud and in the tuber coincides with end of dormancy. 
25 
Chapter 2 Literature review 
The hormonal and biochemical changes apparently lead to the start of the sprout 
growth processes. Hajirezai et al. (2003) found that mobilization of the reserves still 
occurred even in the absence of visible sprouting in a transgenic cultivar study. 
These authors argue that a metabolic signal, which may be the low level of sucrose in 
the tuber, may act as a trigger for starch breakdown rather than sink demand signal 
from the growing sprouts (Moorby and Milthorpe 1975). In addition, a decrease in 
sucrose level at the end of dormancy coincides with increases in the level of 
endogenous GA (Claassens and Vraugdenhill 2000) which is known to induce 
sprouting. Increase in GA does not affect the work of enzymes that regulates the 
starch breakdown (Clegg and Rappaport 1975 cited in Claassens and Vraugdenhill 
2000). 
After the break of dormancy, sprout growth follows a bud hierarchy with sprouts at 
the apical region of the tuber emerging first. This apical dominance process has been 
reviewed by Moorby and Milthorpe (1975) and Coleman (2001). Seed tubers kept in 
low temperature storage, which allows reserve mobilization and hormonal 
metabolism to take place but which will inhibit the mitotic activities on the bud 
meristem, leads to loss in dormancy in all buds and consequently loss in apical 
dominance. When the tuber is transferred from cold storage to conditions favorable 
for sprouting, then bigger sprouts are able to inhibit growth of smaller ones (Moorby 
and Milthorpe 1975). 
Overview of the physiological age concept 
During aging in storage, the seed tuber goes through some physiological and 
biochemical changes. Although the start point of aging is still being argued, the 
physiological and biochemical processes which may occur during aging have been 
well documented (Moorby and Milthorpe 1975; Coleman 2000). Aged seed tubers 
(from 5 months to 17 months) lose their cell membrane integrity (Knowles and 
Knowles 1989) and protein-synthetic capacity (Kumar and Knowles 1993a). This 
loss may affect the capacity of the seed tubers for mobilization and translocation of 
tuber reserves to developing organs, hence may affect the performance of the plant 
during plant establishment. 
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There are also changes in sprouting pattern during the aging process (Ewing and 
Struik 1992). Stem number of a seed piece increases with physiological age of the 
seed tuber until a point during aging where the number of stems decreases (Figure 
2.3). After dormancy break, sprout number and vigour increase with time up to a 
certain level then decrease. After the break of dormancy, the presence of apical 
dominance causes only one sprout to grow when the tuber is considered 
physiologically young. Planting a seed tuber at this stage will result in a plant with 
only one stem at relatively low growth rate (Struik and Wiersema 1999). 
Seed tubers may pass the apical dominance phase, when sprouting is inhibited by 
environmental conditions (e.g. low storage temperature, 2 - 4 °C), and enter the 
multiple sprouting stage. According to Mikitzel and Knowles (1991), the effect of 
apical dominance is observed to diminish with advancing age, giving a multiple 
sprouting stage for tubers considered as physiologically older. Planting a seed tuber 
at this stage will result in a plant with few stems and good vigour (Struik and 
Wiersema 1999). Past this point, plant vigour will decrease as a result of tuber aging 
and branch sprouts will be found on the seed tubers in storage (Krijthe 1962). More 
stems will be produced when planting in the field, but with low vigour. When tubers 
experience a prolonged aging, a daughter tuber can be formed on the sprout, and 
result in loss of vigour as a result of tuber aging. 
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Figure 2.3. Hypothetical scheme for the number of sprouts per seed tuber, sprouting capacity of the seed tuber, and its growth vigour as function 
of physiological age. The units along y-axes are arbitrary (Struik and Wiersema 1999). 
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Stages during aging of the seed tuber have been well documented by several authors 
(Iritani et al. 1983; Pavlista 2004; Struik and Wiersema 1999). The stages include: 
dormancy, apical dominance, multiple sprouts and senility, and are briefly described 
below: 
a. Dormancy 
Dormancy can be defined as the physiological state where there is no cell 
division and in which autonomous sprout growth will not occur within a 
reasonable period of time (usually two weeks), even when the tuber is kept in 
conditions ideal for sprout growth (Moorby and Milthorpe 1975; Struik and 
Wiersema 1999). 
b. Apically dominant 
The apically dominant stage is the stage where only one apical sprout (the 
dominant sprout) grows from the seed tuber. This is thought to be the response of 
the biochemical changes in the seed tuber. 
c. Multiple sprouting 
When the seed is left longer in the storage, multiple sprouts may grow as the 
response to the loss of the apical dominance. A plant with multiple stems can 
result from this physiologically aged seed. 
d. Senility 
This stage is the latest stage of the aging event. If the seed is kept longer, 
daughter tubers can be formed on the seed. The seed is no longer recommended 
to be planted as the growth vigour is started to drop. 
The physiological age of the seed tuber is mainly affected by storage conditions, 
especially temperature. Higher temperature during storage can influence the apical 
dominance status of the eyes on the seed tuber and hasten the completion of the 
apical dominance stage (Pavlista 2004). The degree of apical dominance can be 
modified by storage temperature (Hay and Hampson 1991 ). Thus by manipulating 
the storage conditions, the preferable physiological age for different stem number 
production may be achieved at planting. 
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Manipulation of the physiological age to affect the stem number 
Manipulation of seed physiological age to achieve a target stem number has been the 
focus of many research studies (Grice 1988; Knowles and Botar 1991; Roy and 
Jaiswal 1997; Reust 1994 cited in Struik and Wiersema 1999; Knowles et al. 2003; 
Knowles and Knowles 2006). Seed tuber physiological age has been shown to be 
affected by seed crop growing conditions and seed tuber post harvest handling. Stress 
and disease incidence during tuber production can also contribute to the aging of the 
seed tuber (Struik and Wiersema 1999). In addition, management practices such as 
timing of haulm killing in the seed crop, also contribute to the physiological state of 
the seed tubers (Brown et al. 2003). While some management factors during tuber 
bulking can be controlled (e.g. maintenance of stress free conditions), some 
environmental factors during this stage are less controllable. Given an optimal 
condition during tuber bulking, physiological age of the seed tuber can be controlled 
by storage management. 
Post harvest storage is generally considered to be the most important period that can 
affect the physiological aging of the seed tubers. Storage temperature and duration 
are the two major factors that modify the physiological aging of the seed tuber and 
hence can determine the sprouting pattern. This method has been used in many 
physiological age studies where the physiological age of the seed tubers were 
artificially modified by varying the storage temperature or duration (Iritani and 
Thornton 1984 cited in Knowles and Botar 1991; Firman et al. 1992, 1995; Hay and 
Hampson 1991). Moving the seed tuber to storage with higher temperature (15 -
20 °C) after dormancy has broken will age the seed tubers and thus can promote 
multiple sprouts to grow. Keeping the seed tuber in storage at low temperature will 
retard the aging process in the seed tubers and is more likely to produce plants with a 
single or few stems. Longer term cold storage is known to substantially advance the 
seed tuber age, thus increase the stem number per plant and the tuber set per plant 
without affecting the total yield (Knowles and Knowles 2006). 
Plants with multiple stems, high tuber numbers and early plant maturity are highly 
desirable for the production of a potato seed crop. Therefore, seed tubers with 
multiple sprouts are preferred. In contrast, plants with lesser numbers of stems and 
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tubers are preferred for production of tubers in the range for processing. Thus seed 
tubers with two or three sprouts are preferred. 
While manipulation on seed tubers age has been described in the literature, the 
effectiveness of the treatments commercially are not sufficient to provide a high 
degree of control over tuber size distribution. Many factors can affect the 
physiological age of the seed tuber which in tum can influence the sprouting pattern 
and stem number that can be produced after planting in the field. Therefore, an 
accurate prediction of stem number is difficult. 
Deficiencies in the physiological age concept 
While the concept of manipulating the stem number through seed tuber storage 
management has been well documented, treatments have not always resulted in 
production of the desirable stem number when seed tubers are planted in the field. 
Jenkins et al. (1993) found that manipulation of seed tuber physiological age by 
storage duration did not affect the main stem number and fewer stems were produced 
by seed tubers which were kept in high temperature storage conditions. Hay and 
Hampson (1991), using periods of storage at different temperatures to manipulate 
seed tuber age, found that the numbers of stems per tuber carried by a 
physiologically younger tuber was the same or fewer than in plants from older tubers 
in the field. In addition, there was a seasonal and cultivar variation found in this 
study. Differences in the number of stems produced by plants, from aged and non 
aged seed tubers, were also found between laboratory and field conditions (Hay and 
Hampson 1991). A linear increase in stem number with advancing seed tuber 
physiological age resulted in a controlled environment study by Knowles and Botar 
(1991) but the stem numbers produced with equivalent aging treatments was not 
consistent when seed tubers were planted in the field in a different season (Knowles 
and Botar 1992). In the second study, the number of main stems increased only 
slightly with advancing tuber age. This indicated that conditions at planting, or 
physiological state of tubers before storage, can modify the stem number produced 
by the seed tuber. 
Cultivar differences were found in the extent of the seed physiological aging in the 
work by Olsen (2001). Aged Ranger Russet seed performed similarly to younger 
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seed in terms of stem number and tuber number per plant, while for Russet Burbank, 
Norkotah and Shepody the stem number and time to emergence increased with seed 
age. Work on physiological age of seed tubers conducted by Grice (1988) also 
showed that stem number per plant increased with seed tuber physiological age in 
cultivar Kennebec but not Russet Burbank. 
Planting conditions may also play a role in determining the number of sprouts that 
grow into main stems. The inconsistencies in sprouting responses based on the 
physiological age theory result from an influence of growing conditions following 
planting in addition to artificially induced physiological aging by seed storage 
conditions. Soil temperatures during early plant growth can influence emergence and 
tuber set (Olsen 2001). Excess soil moisture has been reported to increase the aging 
process of the seed tuber, resulting in higher stem numbers (King and Stark 1997). 
Almekinders and Struik (1996) found that the number of stems per seed tuber 
increased in warm temperatures. There was also season to season variability which 
can influence the production of stem number. A cool, wet spring will tend to produce 
fewer stems per plant and take longer for seed to emerge than a warm spring season 
(Kleinkopf et al. 2003). In addition, soil moisture at planting was found to affect the 
maximum sprout growth rate (Firman et al. 1992) which may affect the number of 
stems by altering the apical dominance mechanism. Results from a field experiment 
conducted by Sale (1979) showed increased stem number could be associated with 
higher temperature from planting to 50% emergence for cultivar Sequoia. In this 
work, the seed tuber material was treated in the same storage conditions but the 
length of storage was different due to different planting time treatment. Based on the 
physiological age concept, stem number was expected to increase with later planting 
time as seed physiological aging occurred during storage. However, the stem number 
was variable across the different planting times, and there was no clear evidence in 
this work that the stem numbers were solely defined by the physiological age of the 
seed material. 
These inconsistencies indicate the possibility of an interaction between seed tuber 
physiological age and planting environment in determining the stem number. If this 
is the case success in integrating this aspect will expand the capability of the existing 
potato model for providing a foundation for simulating the tuber size distribution. 
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Physiological age effect on stem number in the potato models 
Seed tuber physiological age, which affects the stem number per plant, has rarely 
been taken into account in the existing published potato models. Few authors have 
tried to model the influence of physiological age of the seed tuber on crop 
establishment. Knowles et al. have attempted to model the tuber size distribution 
based on the stem number characteristic (Knowles and Botar 1991; Knowles et al. 
2003; Knowles and Knowles 2006). This empirical model predicts the stem number 
solely based on physiological age of the seed tuber using a biological marker. A 
simulation model of tuber size distribution based on seed rate has been introduced by 
MacKerron (2005). In this model, stem number per plant is used to predict the stem 
number/square meter and hence the tuber number/square meter and end grade 
distribution. However, it is not clear how the stem number is predicted and no effect 
of planting environment is taken into account. Ignoring the effect of planting 
environment could lead to inaccuracy in the prediction of the stem number. 
One of the difficulties in modelling the physiological age effect is that it is hard to 
quantify the physiological status of the seed tubers. Furthermore there is no indicator 
of the seed physiological age that is well accepted. Several authors have proposed 
ways to quantify the physiological age of the seed by means of simple physical, 
chemical or biological tests. However, there is no indicator of age that accurately 
represents the physiological state of the tubers which can be used in widely varying 
environments. 
Temperature sum or accumulated day degrees is the most widely used indicator of 
physiological age and was first introduced by O'Brien and Allen (1978) and Wurr 
(1978). The accumulated degree days(> Tb 4 °C) that the seeds were exposed to after 
dormancy had broken indicates the physiological age of the seed tuber. The aging of 
the seed tuber increases with the temperature sum. Although this concept has been 
used widely (Jenkins et al. 1993; Ezekiel 1994; Roy and Jaiswal 1997; Hay and 
Hampson 1991), it is not always a good indicator as, for example, it is inaccurate 
when tubers experience a heat shock (Struik and Wiersema 1999). 
Klemke and Moll (1990) suggested a measure for physiological age of the seed tuber 
at planting known as physiological age unit (P AU). Instead of using the linear 
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relation between storage temperature and seed ,tuber age as m the thermal 
accumulation, the P AU is determined based on non linear relation between the 
temperature and physiological aging rate of the seed tuber. Seed tuber physiological 
age is computed as the accumulation of daily development rates from the beginning 
of sprouting to planting. Consequently, under optimal condition (20 - 25 °C), one 
physiological age unit corresponds to the development of one day and below the 
optimum temperature the PAU is lesser. However, this measure seems to lack the 
ability to describe the effect of environmental growing conditions where seed tuber 
was produced. 
A physiological age index (PAI) suggested by Caldiz, Fernandez and Struik (1999) 
may be able to be to cover the year-to-year variability of growing conditions that 
affect the physiological age. To calculate P Al, a determination of the end of the 
incubation period needs to be undertaken for different seed lots to anticipate the 
effects of cultivar and storage conditions. The incubation period is defined as the 
time elapsed from sprouting until new tuber formation on the sprouts (Claver 1953 
cited in Caldiz et al. 2001 ), with samples of seed lots being exposed to standardised 
growing conditions (dark, 17 °C and 90-95% humidity). This method indicates that 
the index is not a predictive tool to mark the physiological age of the seed tuber 
(Struik and Wiersema 1999). In addition, Johansen (2004) found a weakness of this 
indicator in its lack of sensitivity in accounting for the effect of the haulm killing 
date. As Johansen used the varied haulm killing date for experiments in different 
sites to obtain similar size of the yield, PAI did not reflect the actual physiological 
state of the seeds. 
Recently, a new indicator of physiological status of the seed tubers has been 
introduced by Knowles et al. (2003). This includes a measurement of 2-methyl-1-
butanol level in the tuber to indicate the physiological condition of the seed tubers. A 
high correlation between the butanol level and the stem number produced for Russet 
Burbank was demonstrated. Little published work backing up the initial trials is 
available. 
The accuracy of stem number prediction may also be influenced by the interaction of 
seed tuber physiological age and planting environment. Inconsistencies in stem 
number responses from specific aging treatments indicates that there could be an 
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interaction between the seed material and the planting environment in determining 
the stem number, and therefore this interaction must be considered in models 
incorporating stem number prediction. Prediction of stem number purely based on 
physiological age indicators (Knowles et al. 2003) is unlikely to be accurate because 
of the fact that planting environment may modify the effect of the age of the tuber at 
planting. 
Effect of physiological age of seed tuber, temperature and moisture 
on the stem number per plant 
Effects of the environmental planting conditions on stem number have not been well 
documented. Few studies have been conducted regarding this factor. Bohl (1995) 
argued that planting conditions also may affect the physiological age of the seed 
tuber and warm temperature during planting may negate the difference in the time to 
emergence between the older and younger seed. Sprouting temperature has been 
found to be correlated with stem production (Wurr et al. 2001). Despite this, 
understanding on how the planting conditions interact with seed physiological age in 
affecting the stem number is lacking. This indicates the importance of a study to 
investigate the relationship and to establish a method which model stem number 
production. 
Understanding on stem number and the effect of seed tuber physiological age and 
planting environment can be a great advantage in increasing the capability and the 
flexibility of a new model. The stem number prediction based on the relationship 
between seed age and planting environment will add to the capacity of the new 
model to simulate the size distribution of the crop. Therefore the new model can be 
used to assist the grower to manage the crop for production for different markets. 
APSIM's ability to simulate the bigger frame of the farming system will be enhanced 
by this new knowledge to help the vegetables grower where a cropping pattern and 
rotation is a general practices. With the simulation model, together with the 
understanding of seed manipulation, the grower can decide the best management for 
certain production purposes. 
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Chapter 3 Investigation of commercial processing potato 
crop dataset 
Introduction 
Tuber quality, and in particular the percentage of tubers with quality characteristics that 
make them marketable, is an important yield component in the potato industry. Tuber 
quality is especially important in potato crops designated for processing as key tuber 
quality attributes, such as size and shape, affect processing factory efficiency and 
profitability. Therefore, an understanding of the key factors that affect the production of 
the marketable tuber is important, and production of tubers of uniform size and shape, 
able to be cut into processed product with minimum waste, has been a longstanding 
target of breeders and agronomists. 
Stem number per plant, or more accurately stem density in the crop, is one of the factors 
affecting tuber size distribution. While many published studies conclude that stem 
number is affected mainly by the physiological age of the seed tuber (van der Zaag and 
van Loon 1987; Struik and Wiersema 1999), there are some indications in the literature 
that planting environment may also affect this parameter. Variability between seasons 
and sites in stem number response to tuber aging treatments (Hay and Hampson 1991; 
O'Brien et al. 1983; Jenkins et al. 1993) suggests that factors following ware crop 
planting, or prior to seed crop harvest, may have a significant effect on stem number. As 
these areas have not received much research attention, further evidence to support the 
conclusion was sought in this project through analysis of a database of commercial crop 
production data. 
An investigation of an industrial database is a valuable tool to gain an insight into the 
effect of characteristics of the production system, and in this study to tentatively identify 
some of the key factors that may affect the stem number per plant. The Tasmanian 
potato industry is mainly focussed on production of processing tuber products, with the 
major potato production regions ranged across the North of the island state, covering a 
geographic range of approximately 22,800 km2• Growing conditions, including climate 
36 
Chapter 3 Investigation of potato crop database 
and soil type, may vary within the geographic range where potatoes are planted. All 
commercial processing potato crops are grown from seed supplied under a Seed 
Certification Scheme. Between 2003 and 2007, a large database of crop production 
information was generated by Tasmania's largest potato processor, Simplot Pty Ltd. The 
database was referred to as the Crop Management Service (CMS) scheme. The database 
consisted of information on management practices and yield components of crops grown 
under contract for Simplot across the range of Tasmanian production locations and over 
four growing seasons. The CMS scheme was used by the company to assist growers in 
benchmarking practices and outcomes against regional and state-wide figures. The 
database contained information on seed tuber source as well as processing crop 
production information and yield components, allowing investigation into factors 
affecting stem number. The objective of the dataset analysis undertaken in this project 
was to identify possible factors affecting stem number production and tuber quality to 
assist in defining the focus of study on key physiological factors for development of a 
potato production model. 
Materials and methods 
The Crop Management Service (CMS) dataset was kindly provided by Simplot Aust. Pty 
Ltd. The CMS program was conducted to provide a basis for assessment of crop 
management practices for participating growers within the Simplot crop contracting 
system across Tasmania. The dataset was in the form of a database of information 
collected during four seasons (2003/04, 2004/05, 2005/06 and 2006/07). Restricted 
availability of some of the 2006/07 data meant that only the data from three seasons of 
2003/04 to 2005/06 was analysed. Data collected included information on paddock, soil, 
management and crop yield component. Information on soil included soil characteristics 
(soil group and type) and nutritional status (macro and micro elements before planting), 
soil moisture (monitored throughout the growing season). The database also included 
scouting results on pest and disease incidence. Complete crop management practices 
included sowing date, plant density, irrigation, pest and disease control, fertilization, 
harvest time, and paddock history such as cropping pattern in the previous seasons. 
Final harvest yield and quality data included time to emergence, stem number per plant, 
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yield (T/Ha), percentage of tubers in the processed size range, percentage of rejected 
tubers and tuber specific gravity. 
A preliminary multivariate analysis of the CMS dataset was undertaken to identify 
possible relationships between crop factors and both stem number and marketable yield. 
The results of this analysis have been reported previously within a report for the 
Australian potato industry. This analysis helped in narrowing the focus of the univariate 
analysis approach by identifying key components relevant to the major parameter in this 
study, stem number. The multivariate analysis was conducted using SAS (Statistical 
Analysis Software, version 12.0; SAS Institute, Cary, North Carolina, USA) statistical 
package. Ware crop information categories used in the multivariate analysis were: 
grower (ID number), district, crop area (Ha), sowing date, soil type, row width, density, 
previous summer crop, summer crop 2 seasons previously, number of years since 
potatoes were grown in the paddock, number of years since pasture was grown in the 
paddock, soil structure (ranked on the scale of 1 to 10) and soil moisture during 
establishment (ranking 1-3) and time of 50% senescence of the crop. Seed crop 
information categories used in the multivariate analysis were: seed grower (ID numbers 
were used rather than names), district that the seed crop was grown in, planting date, soil 
type, previous summer crop, previous winter crop, summer crop 2 seasons previous, 
winter crop 2 seasons previous, number of years since potatoes were grown in the 
paddock, soil temperature at planting, seed temperature at planting, spacing, irrigation 
type, irrigation frequency (days), irrigation amount (mm), haulm killing method, date of 
senescence, total crop growing days, date the crop was harvested, duration of in-ground 
storage, and seed crop yield (T/Ha) 
Further analysis was conducted focusing on some key factors identified in the 
multivariate analysis as affecting stem number per plant. The major factors were 
planting date, location, soil structure and moisture. Effect of seasons, location and soil 
type on stem number per plant was analysed using a univariate analysis. Only locations 
which had more than three data points (crops) in each season were chosen. For effect of 
planting date on stem number a regression analysis was performed for each season. All 
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statistical analysis was performed using the SPSS v. 14.0 software package (SPSS Inc. 
2005). 
Climate data for each location was sourced for the nearest weather stations from the 
SILO database (Australian Bureau of Meteorology (BOM) 2008). Climate data were 
daily maximum and minimum air temperature and total rainfall for each location during 
planting time of September, October and November for season 2003/04, 2004/05 and 
2005/06. Monthly figures were generated for mean maximum and minimum air 
temperature and total rainfall. 
Results 
Several factors associated with ware crop and seed crop production were shown to have 
a significant correlation to the key ware crop performance characteristics of emergence 
time, stem number per plant, total yield and yield of processing sized tubers (Table 3.1). 
Seed crop factors were not linked to ware crop yield, but significant correlations were 
found between the timing of seed crop factors (planting date, date of senescence, date 
that the crop was harvested, duration of storage, date that seed was cut prior to ware crop 
planting) and time of ware crop emergence, and between timing of seed crop harvest and 
storage events and stem number per plant in the ware crop. Seed crop factors which 
were significantly correlated with stem number were digging date, period in the ground, 
days in cool store and date of cut (cutting of seed tubers to produce seed pieces for 
planting) before planting. The effect of these factors on the number of stems per plant 
was concluded to be associated to the effect of these factors on the physiological status 
of the seed tuber. 
Ware crop factors also displayed a weaker relationship with yield than with crop 
emergence time and stem number per plant. Stem number per plant was affected 
significantly by planting date, planting density, years since pasture was planted in the 
paddock, soil structure and moisture. Similarly, time to 50% emergence also was 
affected by these factors except for moisture conditions which were not significantly 
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correlated with the time to emergence of the crops. In contrast, none of these factors 
significantly affected the yield and percentage of tubers within the processed size. 
Table 3 .1. Significant relationships between seed performance attributes and ware and 
seed crop factors. Figures are P values from the correlation matrix output of the 
multivariate analysis (figures less than 0.05 indicate significance at the 95% confidence 
interval). 
Ware crol! factors 
Planting Planting Years Years Soil Moisture Date of 
date density since since structure 50% 
pasture potato Senescence 
Time to 50% 
emergence <.0001 0.0002 0.0024 0.4928 0.0005 0.234 0.0432 
Stems per 
plant <.0001 <.0001 0.0307 0.9852 0.0016 0.003 0.0003 
Yield 0.6956 0.219 0.6322 0.6343 0.1917 0.1437 0.0483 
% size 0.6722 0.296 0.3251 0.814 0.8798 0.894 0.7066 
Seed croJ:! factors 
Planting Date of Growing Digging In Days in Date cut 
date senescence days Date ground cool 
store 
Time to 50% 
emergence 0.0401 0.0216 0.1914 0.0257 0.8685 <.0001 <.0001 
Stems per 
plant 0.1207 0.3738 0.8684 0.0032 0.001 0.0274 <.0001 
Yield 0.4154 0.7985 0.9256 0.6858 0.2882 0.2123 0.408 
% size 0.4637 0.2402 0.1552 0.4621 0.5935 0.4989 0.5026 
Stem number and processed size 
A significant relationship (P<0.001) was found across the 196 crops over three seasons 
between stem number per plant and the percentage of tubers of processing size. 
Increasing stem number decreased the percentage of tubers within the processing size 
range (Figure 3.1). 
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Figure 3.1. Relationship between stem number and the percentage of tubers for 
. . . processmg size m crops. 
Stem number accounts for only a small proportion of the variation in marketable (tubers 
of processing size) yield as crop yield is influenced by many factors, and tuber size 
distribution is a function of both tuber number and yield. The significance of the 
relationship between stem number and tuber size distribution (measured as percentage of 
tuber yield in the processing size range) does however support the argument for 
inclusion of a measure of stem number in any potato marketable yield model. 
Effect of location, season and planting date on stem number 
Data on stem number per plant reveals that there was a significant difference in the mean 
stem number per plant produced between seasons in locations across Tasmania (p<0.001) 
(Table 3.2). Lowest stem number per plant occurred in season 2003/04. Mean stem 
number increased from 3.1 in season 2003/04 to 4.4 in season 2005/06. 
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Table 3 .2. Stem number per plant at different production locations and growing seasons. 
l.s.d figures shown with extent of significance (**p<0.01). 
Location Seasons l.s.d 0.05 2003/04 2004/05 2005/06 
Deloraine 3.0 3.3 4.5 
East Devonport 2.8 3.6 4.3 
Forthside 2.8 3.3 4.3 
Scottsdale 3.6 3.2 4.6 
Sheffield 2.8 4.0 4.5 
Westbury 3.7 2.9 4.9 
Wynyard 3.3 3.9 4.4 
Mean 3.1 3.5 4.5 0.2** 
Stem number per plant appeared to be related to the temperature at planting, with 
increasing stem number occurring with increasing minimum and maximum mean 
monthly temperatures for October and November (Table 3.3). A cooler and drier 
planting environment in season 2003/04 was associated with lower stem number per 
plant. Maximum temperature, which averaged between 12.6 and 18.7 °C, varied less 
than minimum temperature. Rainfall data also shows that during the three months of 
planting, season 2005/06 was wetter when compared to the previous seasons. 
Table 3.3. Average maximum and minimum temperature and rainfall across locations in 
different season and month. 
Season 2003/04 2004/05 2005/06 
Tmax Tm in Rain Tmax Tmin Rain Tmax Tmin Rain Month- (°C) (°C) fall coq coq fall coq (°C) fall (mm) (mm) (mm) 
September 12.6 3.7 131 14.5 5.6 34 14.4 6.0 136 
October 14.6 4.9 31 16.4 6.6 62 16.5 8.6 167 
November 18.7 8.4 17 17.4 8.0 79 18.5 9.5 126 
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There was no significant difference between locations in stem number (p=0.08). 
However, a trend of increase in stem number from season 2003/04 to 2005/06 was 
similar across locations except in the Scottsdale and Westbury regions where there was a 
slight decrease in stem number in the 2004/05 season. The variation in stem number 
between the seasons in each location followed the same trend of increasing stem number 
with increasing temperature and the amount of rainfall during planting months 
(Table 3.4). The three locations showing the lowest number of stems per plant, East 
Devonport, Forthside and Sheffield in 2003/04 season, were the locations that received 
the lowest rainfall. Similarly, decreased rainfall in Westbury in season 2004/05 was 
associated with the lowest stem number produced by crops in this area during this 
season. 
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Table 3.4. Average maximum and minimum temperature (T max and T min) and total 
rainfall in September to November at different locations and seasons across Tasmania. 
Season 2003/04 2004/05 2005/06 
Location T T Rain T T Rain T T Rain Month- max mm fall max min fall max mm fall 
(OC) (OC) (mm) (OC) (OC) (mm) (OC) (OC) (mm) 
Deloraine Sept. 11 9 2.8 128.4 13 9 4.5 27 8 13 7 4.6 112.8 
Oct. 14.3 4.1 22 4 16.1 5.3 55.2 16 1 7.5 146.8 
Nov. 19.2 76 22.0 17.8 7.5 63 0 18 7 8.7 141.2 
E. Devonport Sept. 13 2 5.0 112.2 14.3 6.7 25 8 14 1 6.4 102.7 
Oct. 14.5 6.1 18 8 16.0 7.2 54.8 16.1 9.7 135.1 
Nov. 17.7 9.6 17.4 17.4 9.9 73 4 18 3 10.6 108.5 
Forthside Sept. 12.9 48 117.8 14.3 6.3 32.3 14.2 6.4 113.8 
Oct. 14.6 5.8 32.4 16.0 7.4 60.2 16.1 9.3 218.6 
Nov. 18.2 93 21.7 17.5 9.5 86 6 18.3 10.2 160.1 
Scottsdale Sept. 12.1 3.6 151 2 14.0 5.2 35.3 13 7 5.4 146.8 
Oct. 14 5 4.7 30 2 15 8 6.2 57 3 16 0 8.2 228.5 
Nov. 18.7 8.2 16 8 17.5 8.3 108 1 18.3 9.1 159 2 
Sheffield Sept. 13 2 3.4 157.8 16.4 60 60.1 16 3 8.5 182.7 
Oct. 14.9 4.6 49.0 17.6 8.6 87.2 18.3 10.0 136.5 
Nov. 18.4 7.9 8.3 14.8 5.0 110 0 18.3 9.1 159.2 
Westbury Sept. 12.3 3.1 135.2 14.3 4.8 23.6 14 1 4.8 118.6 
Oct. 14.7 4.3 21.0 16.4 5.4 54.2 16 5 7.7 150.6 
Nov. 19.6 7.9 15.8 18.2 7.7 55.0 19.0 9.0 137.4 
Wynyard Sept. 12.7 3.5 115.6 14.3 5.4 33.5 14 6 5.4 104.2 
Oct. 15.0 5.0 42.2 16.6 6.2 63.4 16.4 8.0 152.9 
Nov. 19.0 8.1 14.6 18.5 8.2 56.5 18.9 9.7 89.4 
The number of stems per plant increased with later planting date within each season, but 
the relationship varied between seasons. Regression analysis on the stem number data in 
each of the seasons revealed that there was a significant effect of planting date on the 
number of stems produced in season 2004/05 (p<0.05) and 2005/06 (p<0.01) but not in 
2003/04 (p=0.31) (Figure 3.2). For crops planted in October and November, stem 
number per plant produced in the 2003/04 growing season was smaller, with a range 
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from 2 to 3.5 stems per plant compared to the subsequent seasons which ranged from 2 
to 4 and 3 to 5 stems per plant for season 2004/05 and 2005/06, respectively. 
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Figure 3.2.Effect of sowing date on stem number per plant in (a) 2003/04, (b) 2004/05 
and ( c) 2005/06 seasons. 
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Effect of soil type on stem number 
No significant effect was found in stem number produced in different soil types within 
each season (p=0.826). Stem number varied between seasons with the bigger stem 
numbers produced in season 2005/06 compare with the other two seasons (2003/04 and 
2004/05) (Figure 3.3). Seasonal effect was bigger than the soil type effect in this case 
with stem number per plant ranging from 4.1 to 4.8 across soil type in season 2005/06 
and 3 to 3.5 in season 2003/04 and 2004/05. More stems were produced in the so il with 
lighter texture. 
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Figure 3.3 . Stem number produced on different soil types in 2003/04 (D), 2004/05 GD 
and 2005/06 (Ill) seasons. Bar corresponds to standard error of the mean. 
Response of stem number per plant to different paddock history 
Multivariate analysis revealed that there was a significant relationship between stem 
number per plant and paddock history (i.e. years since pasture was planted in the 
paddock). Table 3.5 shows the stem number changes in response to how long since 
pasture was planted in the paddock before the potato crop was planted on three different 
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soil types for each growing season. No significant effect of the paddock history (p=0.586) 
and soil type (p=0.960) was found on the stem number produced within season and 
differences were only found between seasons (p<0.01). 
Table 3.5. Stem number per plant as affected by years since pasture was planted in the 
paddock. Empty spaces showed no observation on particular soil type and paddock 
history. 
Season Soil type 
Years since pasture 
0 1 2 4 5 
2003/04 Ferrosol 2.6 3.1 3.0 
Clay loam 2.7 3.0 3.2 
Sandy loam 3.0 2.7 2.9 
2004/05 Ferrosol 3.4 3.0 3.4 
Clay loam 3.1 3.6 3.3 3.3 3.2 
Sandy loam 3.2 2.7 3.4 2.4 
2005106 Ferrosol 3.9 4.0 4.6 5.1 
Clay loam 4.3 4.0 4.4 
Sandy loam 4.4 4.8 
Discussion: 
Analysis of a large commercial crop database provided evidence supporting the 
hypothesis that stem number per plant might be affected by planting environment. 
Although stem number per plant varied with planting date, location and soil type, season 
appeared to be the major factor contributing to the variation in the stem number 
produced by crops in Tasmanian growing conditions. Lower stem number per plant was 
associated with seasons having cooler and drier conditions at planting time. Temperature 
and moisture are known to affect crop establishment, for example warmer planting 
conditions were associated with earlier time to emergence in potato (Sale 1979). 
However, evidence of an effect of planting conditions on stem number had not been 
presented prior to this study. 
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Although planting environment may play an important role in stem number production, 
the effect of seed lots used by the grower should not be ruled out in determining the 
number of stems produced by the seed tuber in ware crop production. 'Seed lot 
differences in performance could be associated with the physiological status of the seed 
tuber at planting which can be influenced by seed crop growing conditions (Wiersema 
and Booth 1985; Brown et al. 2003; Wurr et al. 2001), duration in cool store (Iritani and 
Thornton 1984; Jenkins et al. 1993; Knowles and Botar 1991) and pre-planting 
treatment e.g. seed cutting (Struik and Wiersema 1999; Struik et al. 2006). 
Early harvest of the seed crop may result in physiologically younger seed tuber 
compared to late harvested crops (Brown et al. 2003). Soil temperature and moisture 
conditions prevailing during tuber fill will also effect seed physiological age. Once in 
store, the physiological status of the seed tuber will continually decline with flow-on 
effects in terms of stem number of the crop at planting. Storage temperature, humidity 
and the presence of wounds are all known to affect the degree of seed tuber aging 
(Struik and Wiersema 1999). Knowles and Knowles (2006) have reported that extended 
cold storage can substantially advance the seed tuber physiological age, leading to 
higher stem number and tuber set per plant. 
Across the CMS paddocks, there will be a range of different seed lots sourced from 
different locations. However, given that seed tuber production typically involves 
optimum (non-limiting) growing conditions, and similar post-harvest handling 
procedures such as cool store and pre-planting treatment, the analysis of this commercial 
dataset indicates the importance of planting environment conditions on the seed tuber 
performance. Both seed tuber physiological age and planting environment will however 
vary between crops, so further analysis of the interaction between seed tuber 
physiological age and planting environment needs to be undertaken to define the 
combined effects of these factors on stem number per plant. 
There was inconsistency in the effect of physiological age on stem number in relation to 
planting time. Conventional physiological age theory relates that the increase in stem 
number with later planting date occurs as a response to seed tuber aging in storage 
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(Struik & Wiersema 1999). Increase in temperature with later planting date is also 
associated with faster emergence (Firman et al. 1992; Sale 1979). However, the 
response did vary with season. In the 2003/04 season (compared to the 2004/05 and 
2005106 growing seasons) the results indicate that other factors may have played a 
significant role in determining the number of stems produced by the crop. Climatic 
conditions in the 2003/04 and 2004/05 seasons, such as cooler and drier conditions 
during the planting time (September to November) may have affected the expression of 
seed tuber performance as influenced by the seed tuber physiological status. Constraints 
in moisture availability during planting may have restricted sprout development (Firman 
et al. 1992) therefore altering the potential stem number. 
Although no significant difference was shown between soil type in stem number and the 
seasonal effects showed a bigger effect on stem number than those produced on different 
soil type, there was a bigger fluctuation in stem number by crops grown in sandy soil 
compared to clay soil when conditions changed from cooler and drier growing season to 
warmer and wetter climate conditions. This was presumably due to differences in soil 
characteristics such as water holding capacity and thermal properties. For example, 
higher temperatures likely in sandy soils may lead to higher stem numbers for crops 
grown in these environments. Increase in soil temperature around the seed tuber has 
been reported to age the seed tuber and increase the stem number produced (Bohl et al. 
1995). 
Evidence revealed by the analysis on the commercial dataset of potato production in 
Tasmanian growing conditions has suggested an interaction between planting 
environment (e.g. temperature and moisture at planting) and the potential performance 
of the seed tuber. Taking into account interactions between factors affecting the stem 
density, which was shown to be related to tuber size distribution in this study and in the 
literature (Struik and Wiersema 1999), will be a first step toward a more accurate 
prediction of tuber quality. Investigation of the nature of the interactions warrants 
further study, and was the focus of subsequent experiments in this project. 
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Chapter 4 Physiological study 
The literature review presented in Chapter 2 identified the key gaps in knowledge of 
potato tuber initiation and development required for a mechanistic model to predict tuber 
yield and quality. Stem number production, which is one of the key factors affecting 
tuber size distribution, has rarely been included in the existing potato simulation models. 
In order to incorporate stem number prediction in a mechanistic model, the combined 
effects of planting environment and seed tuber physiological age on stem number was 
concluded to be a key area for further study. Evidence presented in Chapter 3 reinforced 
the conclusion that stem number may be influenced by soil conditions at and after 
planting, with soil temperature and water potential suggested as components of the 
planting environment that may affect stem number. 
Physiological age of seed tubers has been demonstrated to have a major effect on plant 
stem number and therefore on tuber number per plant and tuber size distribution (Struik 
and Wiersema 1999; Knowles and Knowles 2006). It is widely accepted that a strong 
relationship exists between stem number and tuber size distribution (Haverkort et al. 
1990; Struik et al. 1990; Iritani et al. 1983), making the prediction of stem number based 
on seed age a potential parameter for inclusion in potato models. However, only a few 
models (Knowles et al. 2003) have taken this factor into account. The indicators of 
physiological age in these models are based on thermal time calculation and therefore do 
not take into consideration the possible effect of planting environment on stem number. 
In particular, the models fail to consider the effects of soil temperature and moisture 
levels at planting, or the possible interaction between planting environment and 
physiological age of the seed tubers in determining stem number. 
The effect of planting environment on seed performance is not well understood, and the 
effects of planting conditions on stem number have not been examined. There is 
evidence in published field trial results supporting the hypothesis that stem number may 
be influenced by planting environment. For example, for seed of similar age the number 
of stems per plant was found to be lower when planting in autumn (2.2 stems per plant) 
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than in spring (3.3 stems per plant) in Tunisian growing conditions (Fahem and 
Haverkort 1988). This difference may have been associated with differences in 
temperature, with average temperatures of 27.5 °C and 10 °C during autumn and spring 
respectively. Higher temperatures between planting and 50% emergence were linked to 
increased stem number in field trials examining the effect of soil temperature on plant 
developmental stages in the cultivars Sebago and Sequoia (Sale 1979). Temperature at 
planting has also been reported to alter the physiological age of seed tubers, with higher 
soil temperature resulting in aging of the seed so younger seed at planting performs like 
older seed (Bohl 1995; Kleinkopf 2003; Firman et al. 1992). Similarly, according to 
Reust et al. (2001 ), growing conditions and soil temperature can affect the expression of 
vigor of old seed in the field, with low soil temperature at planting delaying emergence 
and decreasing the vigor of the old seed. This conclusion was also supported by 
Beukema and van der Zaag (1979) who proposed that a physiologically old seed tuber is 
susceptible to low temperature. Despite this, no data or reports of the effect of soil 
temperature at planting on the stem number of seed tubers from different ages have been 
published. 
As well as temperature, moisture at planting is rarely taken into account as a factor that 
affects the stem number or physiological aging of the seed tuber. Soil moisture 
conditions at planting have been examined in many studies, but are usually associated 
with disease development rather than plant growth and development. Generally, 
recommendations state that seed tubers require sufficient moisture to support sprouts 
until emergence and that excess water in this stage should be avoided as it may lead to 
poor soil aeration which could increase disease incidence (eg. Pavlista 2003). Soil 
moisture also can affect the time to emergence by affecting the maximum sprout growth 
rate. Sprout growth rate decreases with decreasing soil water potential and this effect is 
greater at high temperature than at low temperature (Firman et al. 1992). 
Water availability is known to affect many aspects of plant growth including 
transpiration, photosynthesis, cell enlargement and enzyme activities (Van Loon 1981). 
While effects of water deficit on crop establishment and yield components in potato 
have been extensively studied (eg. Jeffries and MacKerron 1987; Stalham and Allen 
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2004; Karafyllidis et al. 1996; Mackerron et al. 1988), little is known on the effect of 
this factor on sprouting. Letnes (1958) suggested that a considerable amount of water at 
planting was necessary to allow seed tubers to sprout. Water stress after planting has 
been suggested as a factor that may restrict stem number (Beukema and van der Zaag 
1979; Letnes 1958; Van Loon 1981) however data demonstrating this effect have not 
been presented. Several studies have documented reduction in stem number following 
drought treatment (Heuer and Nadler 1995; Jeffries and MacKerron 1987; MacKerron 
and Jeffries 1986), but in these studies water stress treatments were imposed after plants 
have emerged and therefore the responses were not related to moisture conditions during 
planting. A decrease in stem number from 5.0 to 4.7 stems per plant was observed when 
soil water potential was decreased from -7 kPa to -70 kPa at the 50% emergence stage 
(MacKerron and Jeffries 1986). Withholding irrigation after crop emergence has also 
been shown to reduce stem number from 139,000/ha to 128,000/ha, with differences 
between cultivars in drought response also demonstrated (Jeffries and MacKerron 1987). 
According to King and Stark (1997) excessive soil water at planting also affects the soil 
temperature, which can result in a decrease in sprout growth and delayed emergence 
from physiologically older tubers. This study, along with others suggesting an effect of 
planting environment on stem number and emergence rate, was qualitative rather than 
quantitative in terms of describing the effect of planting environment on stem number. 
Quantitative studies are required before planting environment factors can be 
incorporated into potato growth models to confirm that soil temperature and moisture 
can significantly affect stem number, and to assess the interaction between tuber 
physiological age and planting environment in determining stem number. 
A series of experiments was undertaken in this project to examine the effects of 
temperature and moisture in the planting environment on stem number as a forerunner in 
establishing a parameter to incorporate in a potato crop model. Experiments were 
conducted under controlled environment conditions to cover the range of temperature 
and moisture conditions likely to be encountered at planting. Two key cultivars of 
Australian and Indonesian potato production, Russet Burbank and Atlantic, respectively 
were investigated for the crop model to able to be parameterised under both countries 
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conditions. Initial experiments focused on development of an assay system to 
demonstrate the effects of temperature and water potential on sprouting. Subsequent 
experiments examined the interaction between planting environment (temperature and 
water potential) and seed tuber physiological age on sprout number and vigour. 
Manipulation of tuber age by selection of different seed lots and storage at different 
temperatures was used to study the interaction between seed physiological age and 
planting environment on sprouting. 
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4.1. Effect of temperature and water potential on sprout vigour 
Introduction 
In many field crops, temperature and moisture conditions at sowing have been shown to 
affect crop establishment, and an interaction between temperature and moisture effects 
has also frequently been documented. Sowing time effects on crop emergence rate and 
stand establishment have been linked to the seasonal variation in soil water content and 
temperature (Jinks et al. 2006). Without moisture stress, rate of emergence of sorghum 
and sun flower increased with soil temperature, but establishment peaked between 
average maximum soil temperatures at seed level of 24-32 °C (Ferraris 1992). Root 
growth and development of sweet potato cuttings increased with increased in 
temperature from 20 to 24 °C and soil moisture at 80% of field capacity (Belehu et al. 
2004). Moisture deficit decreased water usage and consequently shoot dry matter 
production in faba bean and resulted in poor stand establishment (Khan et al. 2007). 
While study of temperature effects on crop establishment of potato has been reported, 
intensive studies of soil water potential effects on plant performance, and of interactions 
between temperature and moisture effects, are rare. Of those studies, the majority have 
focused on defining the impact of timing and rates of irrigation/rainfall on yield 
(Jefferies 1989) and not specifically the soil water potential thresholds affecting different 
growth and development parameters. Firman et al. (1992) found that the rate of sprout 
growth was lower in dry soil than in near field capacity conditions. Difficulties in 
maintaining constant water potentials at different temperature in volumes of growing 
media sufficient to contain potato tubers may have contributed to this paucity of data. 
Maintaining soil water potential at a specific level is difficult to achieve in field or pot 
experiments. One technique to maintain water potential in a tight range is by the use of 
vermiculite material for growth media. The advantage of using vermiculite is that the 
material is capable of holding water within a wide range of water potentials, and this 
material is stable at high temperature (Suvorov and Skurikhin 2001). Whalley et al. 
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(1999) showed that changes in water potential during an onion seedling growth trial 
were relatively small when using the vermiculite as growth media. 
A preliminary study which included a range of temperature and soil water potential 
treatments was conducted to assess the applicability of a vermiculite based sprouting 
assay system for investigating the effect of planting environment on the performance of 
seed tubers. The trial examined sprouting over a range of different temperature and 
moisture conditions. Temperature ranged above and below the reported optimal 
sprouting temperature of 20-25 °C (Klemke and Moll 1990; Krijthe 1962; Struik 2007), 
and water potential was within the recommended soil moisture potential range of -0.02 
to -0.06 MPa for potatoes (van Loon 1981). Soil water potential at the point of field 
capacity and permanent wilting point are -0.02 MPa to -0.03 MPa and -1.0 to -1.5 MPa, 
respectively (Curwen 1993; Vos and Haverkort 2007). The study tested the hypothesis 
that temperature and soil water potential at planting affect the sprouting characteristics 
of the seed tuber. The trial also provided validation of the methodology used in further 
trials. 
Materials and methods 
Plant material 
Seed tubers of the cultivar Russet Burbank, size grade 40-60 g, were used in the trial. 
After a curing period of 10 days at room temperature following harvest, the seed tubers 
were kept in a 4 °C cold store for 395 days until the start of experiment. To avoid disease, 
tubers were dipped in fungicide (Rovral at 1 g/L) and dried before planting. 
Growth media and water potential 
The growth medium used in the trials was vermiculite (Grade 2, Australian vermiculite 
and Perlite Co-P/L). In this experiment, three water potential treatments were utilized. A 
field capacity treatment (-0.01 MPa) was set up by saturating vermiculite and leaving it 
over night to drain based on the method developed by Whalley et al (2001). The 
remaining water potential treatments were established using the relationship between 
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water potential and water content developed by Whalley et al. (2001 ). The authors found 
that despite significant reductions water content of the vermiculite over the course of the 
experiment, the changes in water potential were relatively small. 0.15 g and 1.27 g water 
per g dry vermiculite were equilibrated to establish the -0.6 MPa and -0.02 MPa water 
potential treatments, respectively. 
Each treatment was left overnight to equilibrate. After equilibration, the vermiculite for 
each water potential preparation was placed in plastic containers. The container was 
sealed with a lid to prevent water loss from the container and therefore to control the 
water potential throughout the trial. Assessment of changes in water potential in the 
containers over a five day period was undertaken using gypsum blocks. This method 
confirmed that water potential could be maintained at target levels (data not shown). 
Experimental design and statistical analysis 
The preliminary experiment was conducted from 19 March to 6 April 2003 and involved 
exposing seed tubers sourced from one seed lot to three water potentials (-0.6 MPa, 
-0.02 MPa and -0.01 MPa) at each of five different temperatures (10, 15, 20, 25 and 
30 °C). The experiment was carried out using a Terratcc thcrmogradient table at the 
School of Agricultural Science, University of Tasmania. The temperature treatments 
were set up on the thermogradient table by setting the temperature to 0 °C at one end of 
the table and 30 °C at the other end of the table. The thermogradient table was set up a 
week before the experiment was started in order to reach equilibrium. Temperature 
treatments were established by measuring the temperature at different positions on the 
table and setting up partitions using polystyrene material around sections of the table 
where the desired temperatures existed. 
Containers filled with vermiculite at the target water potentials were placed at each of 
the partitioned zones on the thermogradient table. Four seed tubers were planted in each 
container at a 10 cm depth and covered by the growth medium. Containers were then 
sealed to prevent water loss. Using a pseudo replication design with temperature as the 
block, the moisture treatments were randomized within each temperature treatment with 
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two replicate containers for each water potential treatment at each temperature. The 
design therefore provided a total of 8 tubers for each temperature and water potential 
combination, and a total of 30 treatment combinations overall. 
After 19 days, sprout and tuber weights were recorded. Sprouting capacity was 
calculated as gram fresh weight (FW) sprouts per gram FW tuber. An analysis of 
variance and least significant difference (LSD) procedure using SPSS for windows 
version 14.0 was performed to determine the response of the tuber seeds to temperature 
and moisture. 
Results 
Validation of methodology 
The appearance and growth rate of sprouts emerging from seed tubers held in the 
vermiculite medium was not distinguishable from those of field or pot sown tubers. An 
incubation period of between 2 and 3 weeks was found to be sufficient to identify 
differences in sprout growth between temperature and water potential treatments. 
Temperature and water potential remained stable in the medium across the range of 
treatments tested over the duration of the trial. 
Use of fungicide before planting was not effective in preventing the incident of fungus 
attack, especially in the high temperature and water potential treatments. Eighty percent 
of seed tubers in the highest temperature treatment (30 °C) were diseased, meaning the 
results could not be included in the analysis. No disease problems were encountered at 
lower temperatures, and it was concluded that the sprouting assay methodology could be 
used to an upper temperature limit of 25 °C. 
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Effect of temperature and moisture on sprouting capacity 
Temperature and moisture significantly affected sprout growth rate, assessed as the 
sprouting capacity of the tubers (FW sprouts per FW tubers). Sprouting capacity of seed 
tubers increased with increasing temperature and water potential (Table 4.1.1). The 
increase in sprouting capacity with increasing temperature was statistically significant, 
with a five fold increase between the 10 °C and 25 °C treatments. An approximate 
doubling in sprouting capacity between the highest and lowest water potential treatments 
was noted, with significantly higher sprouting capacity in the higher water potential 
treatments (-0.01 MPa and-0.02 MPa) compared to the lowest water potential treatment 
(-0.6 MPa). 
Table 4.1. l. Sprouting capacity of seed tubers at different temperatures and water 
potentials. Tubers were exposed to temperature and water potential treatments in sealed 
containers filled with vermiculite for 19 days before assessment. Data are means of 8 
replicate tubers. 
Treatments 
Temperature (0 C) 
10 
15 
20 
25 
Moisture (MPa) 
-0.6 
-0.02 
-0.01 
Sprouting capacity (g FW sprouts/g FW tuber) 
0.010 a 
0.028 b 
0.044 c 
0.056 d 
0.024 a 
0.039 b 
0.041 b 
Values followed by same letter for each treatment are not significantly different (p=0.05) 
l.s. d.= 0. 004. 
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Interaction between temperature and moisture on sprouting capacity 
There was a significant interaction between temperature and moisture treatments on the 
sprouting capacity (p<0.05). The differences between water potential treatments were 
greater at higher temperature, with differences between sprouting capacity of tubers 
exposed to dry and wet conditions particularly evident at temperatures of 20 and 25 °C 
(Figure 4.1.1 ). 
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Figure 4.1 .1. Interaction between temperature and water potential on sprouting capacity. 
Tubers were exposed to temperature and water potential treatments in sealed containers 
filled with vermiculite for 19 days before assessment. Data are means of 8 replicate 
tubers. Error bar corresponds to standard error of the mean. 
It was also noted that higher water potential promoted more root development (not 
measured) at the base of sprouts (Plate 4.1.1) . Sprout length was less variable between 
water potential treatments, but ranged from approximately 0.5 - 2 cm at 10 °C to 5 - 7 
cm at 25 °C. Lots of variability in sprout length was observed on individual tubers. 
Sprout weight was associated with the weight of individual tuber (Figure 4.1.2). There 
was tendency that sprouts weight increased with tuber weight. Th is trend is less obvious 
at lower temperature but is evident at higher temperature (20 - 25 °C). 
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Figure 4.1.2. Relationship between sprout weight and tuber weight for tubers exposed to 
different temperatures of 10 °C ( <> ), 15 °C (o), 20 °C ("") and 25 °C ( +) for 19 days in 
sealed container. Data comprises of all of the water potential treatments. 
Plate 4.1.1. Sprout growth at 10 °C (a) - 0.6 MPa (b) - 0.02 MPa 
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Discussion 
The use of vermiculite as a medium for imposing temperature and water potential 
treatments on potato tubers was shown to be effective. Disease problems restrict the 
application of the method at the highest temperature imposed in the trial. Use of 1-2 
tubers per container can be recommended to reduce the risk of contamination between 
tubers. The results in this preliminary trial also emphasized the importance of using 
similar sized tubers to reduce variability within treatments. In addition to variability in 
sprout vigor, it was observed that bigger seed tubers tended to have more sprouts than 
small tubers. 
The methodology was successfully used to demonstrate that temperature and water 
potential interact to affect sprout growth. While both temperature and water potential 
have been shown previously to influence sprouting (Struik 2007; Letnes 1958; Goodwin 
1963 cited in Moorby and Milthorpe 1975; Firman et al. 1992; Krijthe 1962), this 
experiment demonstrated the interaction between the two factors, with differences 
induced by varying water potential only occurring at temperatures above 15 °C. 
Temperatures of 20-25 °C have previously been reported to be optimal for sprouting 
(Klemke and Moll 1990; Krijthe 1962), and the findings of this experiment indicate that 
when temperature is optimum for sprout growth prevailing moisture conditions can 
affect the vigour of the sprouts. 
Lack of available water will influence the water uptake by the seed tuber (Svensson 
1977) which is needed for physiological processes in the plant and as a medium for 
biochemical reactions (Taiz and Zeiger 2006) such as the transportation of soluble sugar 
into the growing bud. The rate of these reactions is higher at higher temperatures, so the 
effect of reduced water uptake associated with low media water potential would be 
expected to be greater at higher temperatures. Cell expansion mechanisms may also be 
affected by the availability of the moisture, resulting in larger sprouts at higher water 
potential. Soil moisture also is proposed to be important for root formation (Beukema 
and van der Zaag (1979), a conclusion that was supported by the observations of root 
development in the different water potential in the experiment. The presence of larger 
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roots at the base of the sprouts would be expected to increase water uptake by tubers, 
contributing to the differences in sprout size and vigor between water potential 
treatments noted at higher temperatures. Though not considered in this study, the other 
potential confounding factor is the changes in carbon dioxide concentration in the sealed 
container and the associated effect on plant growth, especially water use and radiation 
use efficiency. 
In conclusion, the vermiculite media based methodology for investigating sprouting in 
tubers under a range of temperature and water potential treatments was demonstrated to 
be viable, and the results provided evidence that both temperature and water potential in 
the planting environment affect the performance of the seed tubers. This evidence of a 
planting environment effect on sprouting, combined with evidence from the literature 
(Chapter 2) and commercial crop data (Chapter 3) on possible planting environment 
effects on stem number, justifies further examination of temperature and water potential 
effects on sprout number. As seed tuber physiological age has also been demonstrated to 
influence stem number, further experiments should assess the interaction between 
physiological status of the seed and the planting environment in modifying the sprouting 
characteristics of the seed tuber. 
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4.2. Effect of temperature and water potential on sprouting of tubers 
of different physiological ages 
Introduction 
Extensive evidence exists in the literature for the role of seed physiological age as the 
key driver of stem number and seed tuber performance (Struik and Wiersema 1999; 
Knowles et al. 2003; Grice 1988; Knowles and Botar 1991; Roy and Jaiswal 1997; 
Reust 1994 cited in Struik and Wiersema 1999; Knowles and Knowles 2006). The 
concept of seed tuber physiological age is that the sprouting pattern of the tubers 
progresses through different stages associated with the physiological status of the tuber. 
These stages include dormancy, which is related to very young physiological age, apical 
dominance, few sprouts, multiple sprouts and lastly senility or little tuber stage, which is 
considered as very old physiological age (Struik and Wiersema 1999). Many seed tuber 
management practices are aimed at controlling tuber physiological age at planting to 
deliver a desired stem number. 
While duration and temperature of storage have been shown to have the most significant 
impact on seed tuber physiological age (Iritani and Thornton 1984; Jenkins et al. 1993; 
Knowles and Botar 1991), other factors such as seed crop production practices and 
environment (Wiersema and Booth 1985; Brown et al. 2003; Wurr et al. 2001), seed 
tuber size (Bohl et al. 1995) and damage to tubers either through impacts, pathogens or 
cutting of seed tubers prior to planting (Struik and Wiersema 1999; Struik et al. 2006) 
affect the rate of aging of seed tubers. Despite many reports of factors affecting the rate 
of tuber physiological aging, precise control of stem number through management of 
tuber physiological age remains an elusive goal for potato growers. 
The temperature and moisture conditions of the soil at planting may influence stem 
number. While planting environment has received little attention in the literature as a 
factor affecting seed tuber physiological age (Bohl 1995; Kleinkopf 2003; Pavlista 2003), 
the impact of temperature and water potential in the planting environment suggests 
either a direct involvement in the aging reactions or an interaction between planting 
environment and tuber physiological age in determining the sprouting pattern of the 
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tuber after planting (Reust et al. 2001). Temperature, especially during storage, has been 
found to have an effect on physiological aging of the seed tuber (O'Brien et al. 1978; 
1983). Data presented in the previous section of this chapter revealed that temperature 
and moisture conditions in the planting environment affect sprout vigour, and suggested 
that there was an interaction between the two environment factors in their effect on the 
growth of sprouts originating from the seed tuber. Previous studies incorporating 
temperature and moisture treatments at planting have focused on crop establishment 
attributes such as sprout growth and time to emergence (Sale 1979; Firman et al. 1992). 
No studies have specifically investigated the possible interaction of planting 
environment and seed tuber physiological age on sprout number or stem number. 
The research documented in this section investigates the interaction between planting 
environment and seed tuber physiological age on the sprouting of the seed tubers. A 
series of trials were conducted under controlled environment conditions using a 
thermogradient table and growth chambers to control temperature, and the vermiculite 
media based system documented in the previous section to control water potential. It 
was hypothesised that temperature and moisture at planting may affect the sprout 
number and vigour by altering the expression of the seed tuber physiological age effect. 
Materials and methods 
Five experiments were conducted to test the hypothesis that there is an interaction 
between planting environment and seed tuber physiological age in determining sprout 
number and sprouting capacity. The experiments focused on temperature and water 
potential as the main variables in potato crop planting environment. 
Growth media and moisture treatment 
The growth medium used in the trials was vermiculite (Grade 2, Australian vermiculite 
and Perlite Co-P/L). Water potential treatments of -0.6, -0.4 and -0.02 MPa were utilized. 
The relationship between soil water content and water potential in the preliminary 
experiment (Whalley et al.2001) was calibrated using a psychrometer (SC 10 
thermocouple psychrometer Decagon Device, Pullman, Washington) and the following 
calibration for water potential,'¥, was obtained: 
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'I'= 0.09718 -1.1223 (4.1) 
where 8 is the gravimetric water content. 
Based on the calibration, the moisture treatments in all experiments were established by 
equilibrating 0.19 g, 0.36 g and 3.36 g water/g dry vermiculite for the driest (-0.6 MPa), 
medium (-0.4 MPa) and wettest (-0.02 MPa) moisture content, respectively. After a 24 
hour equilibration period, the vermiculite for each water potential preparation was 
placed in plastic containers and sealed with a lid to prevent water loss from the container 
in order to maintain constant water potential throughout the trial. 
The effect of fluctuating water potential after planting was examined in two of the trials. 
This treatment was achieved by moving tubers between two water potential conditions 
every four days. In both trials utilising the fluctuating water potential treatment, tubers in 
constant water potential treatments were also removed and then placed back into the 
same water potential to ensure any differences between fluctuating and constant water 
potential treatments were not attributable to the movement of tubers. 
Plant material 
Two cultivars of potato plant Solanum tuberosum L., Russet Burbank and Atlantic, were 
used (Plate 4.2.1). Seed tubers were sourced either from research trial plots or from a 
commercial seed grower and the date of harvest of the crop was recorded in order to 
calculate physiological age after storage using a thermal time model (Table 4.2.1). Seed 
tubers were hand graded to size differences ranging between 10-20 gin all experiments. 
Experiment 1 used three different seed lots obtained from a seed potato research trial. 
The seed crop was planted on 25 November 2004 and individual seed lots were 
produced by varying haulm removal time to sections of the crop. Haulm removal of the 
seed crop for each seed lot was done at 120, 90 and 110 days after planting (DAP) for 
seed lots 1, 2 and 3, respectively. The seed tubers were harvested 10 days after haulm 
removal. For each seed lot, seed tubers were kept in 4 °C storage after a curing period of 
14 days at room temperature until the start of the experiment. 
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Plate 4.2.1. Plant material used in Experiments 2 and 3 for non-aged (a) and aged seed 
(b), seed tuber used in Experiment 4 and 5 for non aged of Russet Burbank (c) and 
Atlantic (d) and aged tubers of Russet Burbank (d) and Atlantic (f). 
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Table 4.2.1. History of the seed tubers used in the experiments. 
Seed lot/ 
Experiment 
Cultivars 
Experiment 1 R. Burbank 
Seed lot 1 
Seedlot2 
Seed lot 3 
Experiment 2/ 
Experiment 3 R. Burbank 
Experiment 4 R. Burbank 
Atlantic 
Experiment 5 R. Burbank 
Atlantic 
Harvest date 
13/04/2004 
03/03/2004 
01/04/2004 
02/04/2005 
01/05/2006 
25/03/2006 
01/05/2006 
25/03/2006 
Physiological study 
Trial start 
8/03/2005 
13/12/2005 
8/11/2006 
21/10/2006 
To reduce the risk of disease, tubers were dipped in fungicide (Rovral 1 g/L) and dried 
before planting. Seed tubers were handled with care to avoid the risk of sprouts being 
knocked off during handling and planting. 
Aging treatment 
A range of seed tuber physiological ages were achieved by exposing tubers to 15 °C 
storage for varying durations. The duration of 15 °C storage varied between 1.5 weeks 
and 2 months across all experiments (Table 4.2.2). Seed tubers for the younger seed 
physiological age were kept at 4 °C. Both storage treatments (4 °C and 15 °C) were set 
up in the dark conditions and relative humidity of 80-90%. After aging in the 15 °C 
storage, seed tubers were carefully placed back into the 4 °C room until the start of the 
trial. 
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Seed age, expressed as degree days or thermal time, is calculated by using equation 
below: 
Degree days= [(T max+ T min)/2] - base temperature (4.2) 
Base temperature of 2 °C was used (Firman et al. 1992) 
. 
The sum of thermal time for each seed age treatment is shown in Table 4.2.2. 
Table 4.2.2. Themal time accumulation for the seed age treatment. 
Days in Storage Sum of 
Experiment/ Curing Holding Aging Holding Thermal Time 
Seed Status 
Cultivar 
15°C 4 ·c 15°C 4 ·c 
>Tb 2 °C 
( °Cd) 
Experiment 2 I 3 
R. Burbank Non-aged 7 204 0 23 545 
Aged 7 204 10 13 655 
Experiment 4 
R. Burbank Non-aged 14 23 0 143 514 
Aged 14 23 62 75 1184 
Atlantic Non-aged 7 68 0 143 513 
Aged 7 68 28 109 809 
Experiment 5 
R. Burbank Non-aged 14 23 0 155 538 
Aged 14 23 62 93 1220 
Atlantic Non-aged 7 68 0 155 537 
Aged 7 68 28 127 845 
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Equipment and facilities 
Two experiments (Experiment 1 and Experiment 2) were carried out on a 
thermogradient table located at the School of Agricultural Science University of 
Tasmania. The thermogradient table was set up based on the method developed in the 
preliminary experiment (section 4.1). The remaining trials were conducted in growth 
chambers set at constant temperatures. Space available in the growth chambers was 
greater than in each of the defined temperature zones on the thermogradient table, 
allowing greater replication within treatments. In all experiments, tubers were kept in 
darkness for the duration of the experimental period. 
Experimental designs and treatments 
Experiment I 
Seed tubers of size grade 45-65 g, sourced from three different seed lots, were exposed 
to four temperature (10, 15, 20 and 25 °C) and three water potential (-0.6, -0.4 and -0.02 
MPa) treatments. Two tubers were planted in each container at a depth of 10 cm and 
covered by the growth media. Containers were then re-sealed to prevent water loss. A 
randomized block design was employed on the thermogradient table with temperature as 
the block. Moisture and seed lots treatments were randomized within each temperature 
treatment. Two containers, each containing 2 tubers, were used for each treatment 
combination. 
Experiment 2 
Seed tubers of two physiological ages (non aged and aged) size grade 40-60 g, were 
exposed to three temperature (10, 15 and 20 °C) and two water potential (-0.02 and -0.06 
MPa) treatments. Aging of the seed material was achieved by exposing tubers to 15 °C 
storage for 10 days. In this trial one seed tuber was planted in each container. A 
randomized block design was used with 6 replicates for each treatment combination. 
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Experiment 3 
Tubers of two different physiological ages were exposed to three water potential 
treatments; wet (-0.02 MPa), dry (-0.6 MPa) and fluctuating (alternating between two 
water potentials every four days). Seed materials used in this trial were from the same 
lot used in Experiment 2 and the experiments started at the same time. All tubers were 
held in a single growth cabinet set at 20 °C. Seed physiological age and moisture 
treatments were arranged in a completely randomized design with 8 replicates per 
treatment combination. 
Experiment 4 
Tubers of two cultivars (Russet Burbank and Atlantic) and two different seed ages were 
exposed to two water potentials (-0.6 MPa and -0.02 MPa) in a growth chamber set at 
20 °C. Seed materials were from the same seed lot as in the Experiment 5. Seed tubers 
were hand graded to 45-55 g and 35-45 g for R. Burbank and Atlantic, respectively. This 
trial commenced earlier than the Experiment 5, therefore seed tuber accumulated 
thermal time differed between the trials (Table 4.2.2). A completely randomized design 
was employed in the trial using 25 replicates per treatment. 
Experiment 5 
Seed tubers, size grade 40-60 g, of two cultivars ( cv. Russet Burbank and Atlantic) and 
two physiological ages were exposed to three different temperature and soil water 
potential conditions. An additional treatment where water potential fluctuated between 
-0.02 and -0.06 MPa was also imposed. Seed tubers were moved into 15 °C storage for 
62 and 28 days for Russet Burbank and Atlantic, respectively to produce the aged seed 
treatment while tubers were kept at 4 °C for the entire storage duration for the non-aged 
seed treatment. The shorter duration of exposure to 15 °C foraging of seed material for 
cultivar Atlantic was utilised as longer exposure would have resulted in excessive sprout 
growth prior to commencement of the experiment. All aged seed tubers were moved 
back into the 4 °C storage following exposure to the required duration of 15 °C storage. 
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The experiment was carried out in three growth chambers set at I 0, 15 and 20 °C, with 
seed age and water potential treatments randomly arranged within each cabinet. A total 
of 25 replicates per treatment combination were used. 
Observations and statistical analysis 
The experimental duration was three weeks for all trials except the Experiment 3 trial 
which ran for 2 weeks. At the completion of each trial, sprout numbers were counted and 
both sprout and tuber weight recorded. Sprouting capacity was calculated from the 
weights, and expressed as g fresh weight (FW) sprouts per g FW tuber. Using SPSS 
v. 14.0 (SPSS Inc. 2005) data were analysed to investigate the response of tubers to the 
treatments. 
Results 
Interaction between temperature and water potential on sprouting of tubers from 
different seed lots 
Temperature and water potential had a significant impact on sprout number (Figure 4.2.1) 
of the seed tubers. No significant difference was found between seed lots for sprout 
number or for sprouting capacity. This prevented examination of possible interactions 
between tuber physiological age and temperature/water potential. Sprout number per 
tuber was very high in all seed lots, indicating that the tubers were physiologically old. 
Sprout number increased from a mean of 9 at I 0 °C to 13 at 25 °C. The effect of 
temperature was greatest when water potential was lowest, with stem numbers from 
tubers at 10 °C approximately half that of tubers held at 25 °C in the -0.6 MPa treatment. 
The effect of water potential on sprout number was less than that of temperature, and 
was more pronounced at lower temperature than higher temperature. 
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Figure 4.2.1. Sprout number of different seed lots at different temperature and water 
potential treatments. Tubers are exposed to temperature and water potential treatments in 
sealed containers for 21 days before assessment. Data are means of 4 replicate tubers. 
Bar corresponds to standard error of the mean. 
Sprouting capacity was found to increase in response to the increase of water potential in 
the growth media, with the largest response again found at the highest temperature. 
Temperature and water potential interacted significantly (p<O.O 1) in affecting the 
sprouting capacity, reflecting the higher effect of moisture conditions at higher 
temperature (Figure 4.2.2). In contrast to the sprout number response, no significant 
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difference in sprouting capacity was observed between the - 0.6 and -0 .4 MPa water 
potential treatments in all temperature treatments. 
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Figure 4.2.2. Sprouting capacity of sprouts of tubers from different seed lots at different 
temperature and moisture. Tubers are exposed to temperature and water potential 
treatments in sealed containers for 21 days before assessment. Data are means of 4 
replicate tubers. Bar corresponds to standard error of the mean. 
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Effect of temperature and water potential on sprout number 
As several temperature and water potential treatments were common across experiments, 
the results from each of the experiments undertaken in this section of the project are 
grouped to display overall trends in the effects of temperature and water potential on 
sprout number. The number of sprouts produced by the seed tubers in the study is 
summarised in Table 4.2.3. Large differences in sprout number per tuber were recorded 
between experiments, indicating variations in tuber physiological age. A trend was 
noted between the experiments, with sprout number increasing with increasing 
temperature and water potential. However the magnitude of this increase varied between 
the experiments. 
There was a highly significant effect of temperature (p<0.001) on sprout number in 
Experiment 1 and Experiment 5 but not in Experiment 2. Sprout number per tuber 
increased from a mean of 3.5 at 10 °C to 4.9 at 20 °C in Experiment 5. In contrast, mean 
sprout number in trial Experiment 2 was in a narrow range between 5 and 5.4 in the 
three temperature treatments. The biggest increase in sprout number was observed in 
Experiment 1. An increase of approximately 30% in sprout number was noticed between 
the 10 °C and 25 °C treatment. The difference in sprout number between 10 °C and 
20 °C treatments was however less, and was consistent with the results from the other 
experiments. The differences in the response between all experiments could be due to 
differences in seed tuber age. While calculation of physiological age based on thermal 
time (above a base temperature of 2 °C) during storage suggested that the tubers used in 
Experiment 5 were physiologically older, the tubers used in Experiment 2 were held for 
a much greater duration at 4 °C. This storage contributed little to tuber aging according 
to the thermal time model using a 2 °C base temperature, but the sprouting response of 
the tubers suggested that they had aged more than those used in Experiment 5. 
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Table 4.2.3. Sprout number of tubers as affected by temperature in three experiments. 
Data are means across all non temperature treatments. Values in italic are standard error 
of the means, N=l8, 24 and 300 for Experiment 1, 2 and 5 respectively. 
Experiment 
Temperature (°C) 
10 15 20 25 
Experiment 1 8.9 ± 0.53 9.9 ± 0.81 10 ± 0. 74 12.4 ± 0.82 
Experiment 2 5.3 ± 0.24 5.0 ± 0.35 5.4 ± 0.34 
Experiment 5 3.5 ± 0.07 3.8 ± 0.09 4.9 ± 0.11 
Variation in sprout numbers between experiments was also noted in the water potential 
treatments, but a consistent trend of increasing sprout number with increased water 
potential was noted (Table 4.2.4). The biggest effect of water potential was observed in 
Experiment 1 where an increase of about 4 sprouts was recorded between -0.6 to -0.02 
MPa treatments. The difference in sprout number between -0.6 MPa and -0.02 MPa 
water potential treatments ranged from 0.3 in Experiment 2 to 1.2 sprout increase in 
Experiment 4. As with the temperature response, the response to water potential was 
small in Experiment 2, while in all other experiments an increase in water potential from 
-0.6 to -0.02 MPa resulted in at least one additional sprout. 
Table 4.2.4. Sprout number of tubers cv R. Burbank at 20 °C as affected by moisture. 
Data are means across all non moisture treatments. Values in italic are standard error of 
the means, N=24, 36, 16, 50 and 150 for Experiment 1, 2, 3, 4 and 5 respectively. 
Experiment 
Experiment 1 
Experiment 2 
Experiment 3 
Experiment 4 
Experiment 5 
Water potential (MPa) 
-0.6 -0.02 
8.5 ± 0.11 12.5±0.13 
5.1±0.27 5.4 ± 0.24 
5.3 ± 0.35 6.4 ± 0.52 
5.0 ± 0.17 6.2 ± 0.28 
5.6 ± 0.14 6.1±0.16 
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Statistical analysis on the sprout number parameter in each experiment revealed that 
there was significant interaction between temperature and moisture in Experiment 5 
(p<0.05) but not in Experiment 1 and 2 (Table 4.2.5). 
Table 4.2.5. Interaction between temperature and moisture on sprout number of tuber cv 
R. Burbank in three experiments. Data are means across all non temperature and 
moisture treatments. Values in italic are standard error of the means, N= 6, 12 and 50 for 
Experiment 1, 2 and 5 respectively. l.s.d (0.05) for Experiment 5 = 0.57. 
Experiment 
Water potential 
(MPa) 
Experiment 1 -0.02 
-0.6 
Experiment 2 -0.02 
-0.6 
Experiment 5 -0.02 
-0.6 
10 
10 ± 0.22 
6.9 ± 0.18 
5.3 ± 0.40 
5.3 ± 0.28 
4.1 ± 0.11 
3.3 ± 0.11 
Temperature (0 C) 
15 
11.2 ± 0.20 
7.7 ± 0.25 
5.3 ± 0.54 
4.7 ± 0.45 
4.4 ± 0.11 
4.7 ± 0.11 
20 
12.5 ± 0.25 
8.5 ± 0.23 
5.4 ± 0.48 
5.3 ± 0.50 
5.6 ± 0.11 
6.1±0.11 
Interaction between temperature, water potential and seed tuber physiological status 
on sprout number 
A significant interaction between temperature, water potential and seed tuber 
physiological status was observed in the Experiment 2 trial. However no significant 
interaction was found in Experiment 5 trial. In the first experiment, sprout numbers were 
not different between the moisture treatment and seed age except at 15 °C in dry 
condition and when the conditions is wet at the highest temperature (Table 4.2.6). 
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Table 4.2.6. Interactions between moisture, seed age and temperature on sprout number 
in Experiment 2. Tubers are exposed to different temperature and water potential 
treatments in sealed containers for 21 days. Data are means of 6 replicate tubers. 
Seed 
Water Potential 
physiological 
(MPa) 
Age 
Non-aged -0.6 
-0.02 
Aged -0.6 
-0.02 
10 
5.5 be 
5.5 be 
5.2 abc 
5.2 abc 
Temperature (0 C) 
15 
5.7 be 
5.5 be 
3.7 a 
5.2 abc 
20 
5.0 abc 
6.5 c 
5.7 be 
4.3 ab 
Values follow by same letter are not significantly different (p=0.05) l.s.d =I. 7. 
Table 4.2.6 above shows that seed age became the major factor in the determination of 
sprout number. Younger seeds appeared to be more sensitive to the change of 
temperature when moisture was available. At high water potential (-0.02 MPa) and when 
water was fluctuated the gradient of increase in sprout number of the younger seed 
between temperature treatments was greater compared to the older seed. 
Table 4.2.7. Sprout number of aged and non-aged tubers at different water potential and 
temperature treatments in Experiment 5. Tubers are exposed to different temperature and 
water potential treatments in sealed containers for 21 days. Data are means of 25 
replicate tubers. Values in italic are standard error of the means. 
Soil Water 
Potential (MPa) 
Non-aged 
Aged 
Soil Water 
Potential (MPa) 
-0.6 
Fluctuated 
-0.02 
-0.6 
Fluctuated 
-0.02 
10 
3.7 ± 0.21 
3.6 ± 0.17 
3.4 ± 0.19 
3.4 ± 0.19 
3.8 ± 0.18 
3.3 ± 0.18 
Temperature (°C) 
15 20 
3.9 ± 0.20 4.9 ± 0.27 
3.7 ± 0.20 5.1±0.26 
3.8 ± 0.27 5.1±0.29 
3.7 ± 0.21 4.5 ± 0.26 
3.5 ± 0.24 4.9 ± 0.24 
4.1±0.24 4.9 ± 0.24 
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No significant interaction was found between temperature and seed tuber physiological 
age or status. Nevertheless, a trend of increase in sprout number with temperature was 
observed to be consistent in physiologically younger tubers although the gradient of the 
increase varied between the trials (Table 4.2.8). 
Table 4.2.8. Sprout number of cv R. Burbank of two seed physiological ages at different 
temperature. Data are means across all non temperature and seed tuber physiological age 
treatments. Values in italic are standard error of the means, N=12 and 75 for Experiment 
2 and 5, respectively. 
Experiment 
Experiment 2 
Experiment 5 
Temperature 
(OC) 
10 
15 
20 
10 
15 
20 
Seed physiological age 
Non-aged 
5.5 ± 0.41 
5.6 ± 0.54 
5.7 ± 0.48 
3.9 ± 0.16 
4.6 ± 0.18 
6.2 ± 0.18 
Aged 
5.2 ± 0.24 
4.4 ± 0.40 
5.0 ± 0.48 
3.8 ± 0.17 
4.4 ± 0.20 
5.4 ± 0.20 
Interaction between water potential and seed tuber physiological status on sprout 
number 
No significant interaction between water potential and seed age was found on the 
number of sprouts produced by the seed tubers, and this was consistent in all 
experiments. Increasing water potential resulted in increased sprout number, except in 
Experiment 5 where sprout number of physiologically older seed tubers decreased with 
increasing water potential (Table 4.2.9). Physiologically younger seed tubers showed a 
bigger gradient in sprout number as a response to increasing water potential from -0.6 to 
-0.02 MPa. An addition of at least one sprout was observed in the non-aged tubers when 
water potential was increased to -0.02 MPa. 
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Table 4.2.9. Sprout number of cv R. Burbank at 20 °C as affected by different water 
potential and seed status in five experiments. Data are means across all non water 
potential and seed tuber status treatments. 
Experiment Seed age 
Water potential (MPa) 
-0.6 -0.02 
Experiment 1 Lot I 9 10.3 
Lot2 8.5 15.3 
Lot 3 8 12 
Experiment 2 Non-aged 5.0 6.5 
Aged 5.7 4.3 
Experiment 3 Non-aged 5.5 7 
Aged 5.0 5.8 
Experiment 4 Non-aged 5.1 6.6 
Aged 4.9 5.8 
Experiment 5 Non-aged 4.9 5.1 
Aged 4.5 4.9 
Aged tubers were characterised with lesser sprouts than the non-aged tubers. The trend 
was consistent over the experiments. The aging treatment seemed to promote sprout 
growth on few buds prior to planting. In the case of non-aged seeds, no large dominant 
sprouts were present before planting as seed tubers were kept in low storage temperature 
which restricted sprout growth. 
Effect of temperature and water potential on sprout vigour 
The effects of temperature and water potential on sprouting capacity were not consistent 
over the experiments. However, similar trends were noted with an increase in sprouting 
capacity with increasing temperature and water potential in two out of three experiments 
(Table 4.2.10). The size of the response also varied between trials. A five fold increase 
was observed in Experiment 5 when temperature was increased from 10 °C to 20 °C 
while only a small increase in sprouting capacity from 0.021 to 0.024 g FW sprouts per 
g FW tuber was observed in Experiment 1 as shown in Table 4.2.10. A low value of 
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sprout vigour at 10 °C in Experiment 5 was associated with low number of sprouts and 
difference in seed tuber materials. 
A significant interaction (p<0.001) between temperature and moisture in affecting sprout 
vigour was observed in two out of three experiments (Table 4.2. l 0). However no 
consistent trend was observed between the response to temperature and water potential. 
Variability between the results of all experiments was high with sprout vigour ranged 
between 0.004 to 0.031 g FW sprouts per g FW tuber at 10 °C and 0.016 to 0.039 g FW 
sprouts per g FW tubers at 20 °C. 
Table 4.2.10. Interaction between temperature and moisture treatments on sprout vigour 
(g FW sprouts/g FW tuber) of cv R. Burbank in three experiments. Data are means 
across all seed tuber age treatments. Values in italic are standard error of the means, N=6, 
12 and 50 for Experiment 1, 2 and 5, respectively. 
I 
Experiment 
Water potential 
(MPa) 
Experiment 1 -0.02 
-0.6 
Mean 
Experiment 2 -0.02 
-0.6 
Mean 
Experiment 5 -0.02 
-0.6 
Mean 
10 
0.026 ± 0.005 
0.021 ± 0.003 
0.021 ± 0.002 
0.031±0.005 
0.025 ± 0.004 
0.028 ± 0.003 
Temperature (0 C) 
15 
0.027 ± 0.001 
0.021 ± 0.002 
0.023 ± 0. 001 
0.033 ± 0. 004 
0.019 ± 0.002 
0.026 ± 0. 003 
20 
0.039 ± 0.003 
0.016 ± 0.001 
0.024 ± 0.003 
0.030 ± 0. 003 
0.022 ± 0.004 
0.026 ± 0. 003 
0.004 ± 0.0005 0.019 ± 0.001 0.025 ± 0.0007 
0.004 ± 0.0004 0.018 ± 0.0008 0.023 ± 0.0009 
0.004 ± 0.0002 0.018 ± 0.0005 0.023 ± 0.0007 
Water potential treatments induced variable responses over the trials. Significant water 
potential treatment effects on sprouting capacity were recorded in three out of five 
experiments (Table 4.2.11). The differences in sprouting capacity were significant in 
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Experiment 1, Experiment 2 and Experiment 4 but not significant in Experiment 5 and 
Experiment 3. Sprout vigour was observed to be higher when water potential increased 
from -0.6 to -0.02 MPa. 
Table 4.2.11. Sprouting capacity (g FW sprouts/g FW tuber) of seed tubers of cv R. 
Burbank at 20 °C at different water potentials. Data are means across all non water 
potential treatments. Values in italic are standard error of the means, N=6, 36, 16, 100 
and 50 for Experiment 1, 2, 3, 4 and 5, respectively. 
Experiment 
Water potential (MPa) 
-0.6 -0.02 
Experiment 1 0.016 ± 0.001 0.039 ± 0.003 
Experiment 2 0.022 ± 0.002 0.030 ± 0. 002 
Experiment 3 0.021 ± 0.003 0.025 ± 0.003 
Experiment 4 0.022 ± 0.001 0.032 ± 0.001 
Experiment 5 0.023 ± 0.001 0.025 ± 0.001 
Interaction between temperature, water potential and seed tuber physiological status 
on sprout vigour 
The f-test result on sprouting capacity showed that there was no significant interaction 
between temperature, moisture and seed age either in experiments 2 or 5 (Appendix B5 
and B 10 for experiment 2 and 5, respectively) (Table 4.2.12). 
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Table 4.2.12. Interaction between moisture, seed tuber physiological status 
temperature on sprouting capacity (g FW sprouts/g FW tuber) of tubers in 
experiments. 
Experiment Seed Soil Water Temperature (°C) 
physiological Potential 
age (MPa) 10 15 20 
Experiment 2 Non-aged -0.6 0.015 0.012 0.017 
-0.02 0.035 0.020 0.021 
Aged -0.6 0.018 0.026 0.028 
-0.02 0.043 0.046 0.038 
Experiment 5 Non-aged -0.6 0.004 0.017 0.025 
-0.02 0.004 0.018 0.024 
Fluctuated 0.005 0.018 0.020 
Aged -0.6 0.008 0.019 0.026 
-0.02 0.011 0.022 0.027 
Fluctuated 0.010 0.022 0.023 
Interaction between water potential and seed tuber physiological status on sprout 
vigour 
and 
two 
Although there was no significant interaction found between moisture and seed tuber 
physiological status, aged seed tubers appeared as having a higher sprouting capacity 
than the non aged tubers. The difference between sprout vigour of the seed tubers was 
slightly higher when water potential was low and this was consistent over trials except in 
Experiment 2 (Table 4.2.13). Physiologically younger tubers (non-aged tuber) were 
found to be more sensitive to changes in water potential (Figure 4.2.3). 
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Table 4.2.13. Sprouting capacity (g FW sprouts/g FW tuber) of seed tuber cv R. 
Burbank at 20 °C as affected by different water potential and seed status. 
Experiment 
Experiment 2 
Experiment 3 
Experiment 4 
Experiment 5 
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Seed 
physiological 
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Non-aged 
Aged 
Non-aged 
Aged 
Non-aged 
Aged 
a 
-0.6 
Water potential (MPa) 
-0.6 
0.017 
0.028 
0.009 
0.033 
0.021 
0.028 
0.022 
0.024 
b b 
Water potential (MPa) 
-0.02 Fluctuated 
0.021 
0.038 
0.017 
0.032 
0.027 
0.028 
0.025 
0.026 
b 
-0.02 
0.010 
0.035 
0.022 
0.022 
Figure 4.2.3. Sprouting capacity (g FW sprouts/g FW tuber) of aged (S) and non-aged 
(0) tubers at different water potentials in Experiment 4. Data are means across all non 
water potential treatments. Error bar corresponds to standard error of the mean (N= 50). 
Bars with same letter are not significantly different (p=O. 05) . 
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Cultivar differences in sprout number and vigour 
Response of cultivar to temperature and seed tuber physiological status on sprout 
number and vigour 
Russet Burbank was shown in th is study to be more sensitive to temperature changes 
than Atlantic in terms of sprout number and sprouting capacity (Figures 4.2.4 and 4.2.5). 
Thi s difference was more evident in non-aged seed tubers (Table 4.2.14). This 
sensitivity can be shown further by th e significant interaction (p<O.O I) between 
temperature and cu ltivar on the sprouting capacity. 
-0.6 Fluctuated -0.02 
Soil water potential (MPa) 
Figure 4.2.4 Sprout number of seed tubers cv R. Burbank (0) and Atlantic CR ) at 
different temperatures. Data are means across all non temperature and cultivars 
treatments. Bar corresponds to standard error of the mean (N=l50). 
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10 15 20 
Temperature (0 C) 
Figure 4.2.5. Sprouting capacity (g FW sprouts/g FW tuber) of seed tubers cv R. 
Burbank (D) and Atlantic (Ii) at different temperatures. Data are means across a ll non 
temperature and cultivar treatments. Bar corresponds to standard error of the mean 
(N= l50). 
At 10 and 15 °C, non-aged and aged tuber did not show much difference in sprout 
number in both cultivars (Table 4.2 .15). It is only when temperature increased to 20 °C 
that the non-aged and aged seeds of cultivar Russet Burbank showed difference while 
Atlantic remained the same. This indicates that temperature seems to affect Russet 
Burbank more than Atlantic in terms of sprout number. Despite this, differences between 
seed age in terms of sprout vigour were more evident for cu ltivar Atlantic than Russet 
Burbank at all temperatures . 
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Table 4.2.14. Sprout number and sprouting capacity (g FW sprouts/g FW tuber) of non-
aged and aged seed tubers of cv R. Burbank and Atlantic at different temperatures in 
Experiment 5. Values in italic are standard error of the means. 
Cultivar Seed age 
Sprout number 
R. Burbank Non-aged 
Atlantic 
Aged 
Non-aged 
Aged 
10 
3.8 ± 0.2 
3.8 ± 0.2 
3.3 ± 0.1 
3.2 ± 0.1 
Temperature (°C) 
15 
4.6± 0.2 
4.4± 0.2 
3.0 ± 0.2 
3.1±0.1 
Sprouting capacity (g FW sprouts/g FW tuber) 
R. Burbank Non-aged 0.004 a 0.0019 d 
Aged 0.004 a 0.0019 d 
Atlantic Non-aged 0.004 a 0.017 cd 
Aged 0.015 be 0.023 e 
20 
6.2 ± 0.2 
5.4 ± 0.2 
3.9 ± 0.2 
4.1 ± 0.2 
0.023 e 
0.024 e 
0.023 e 
0.027 f 
Values followed by same letter are not significantly different (p=O. 05). 
Response of cultivars to water potential and seed status on sprout number and early 
vigour 
No significance difference was found between the responses of the two cultivars to 
water potential and seed physiological age treatments in sprout number and sprouting 
capacity (Table 4.2.15). Water potential increases resulted in increased sprout number 
and sprout vigour of the seed tubers for both cultivars. 
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Table 4.2.15. Sprout number and sprouting capacity of seed tuber of two cultivars at 
20 °C as affected by different water potentials and seed status . Data are means of 25 
replicate tubers. 
Experiment Cultivar Seed age Water EOtential (MPa) 
Sprout number 
Experiment 4 R. Burbank Non-aged 
Aged 
Atlantic Non-aged 
Aged 
Experiment 5 R. Burbank Non-aged 
Aged 
Atlantic Non-aged 
Aged 
Sprouting capacity (g FW sprouts/g FW tuber) 
Experiment 4 
Experiment 5 
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b 
a 
-0.6 
5.1 
4.9 
5.1 
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6.1 
5.1 
3.7 
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0.032 
0.023 
0.024 
0.025 
0.026 
0.022 
0.029 
ab 
-0.6 -0 .02 
Soil water potential (MPa) 
Fluctuated 
6.1 
5.3 
4.2 
4.5 
0.022 
0.022 
0.019 
0.024 
Figure 4.2.6. Sprouting capacity (g FW sprouts/g FW tuber) of tubers cv R . Burbank (0) 
and Atlantic (Ii) at different water potential in Experiment 4. Data are means across 
seed tuber physiological status treatments. Error bar corresponds to standard deviation 
(N=50). Bars with same letter are not significantly different (p =0.05). 
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Russet Burbank was shown to be more sensitive to changes m water potential than 
Atlantic in sprouting capacity (Figure 4.2.6) in trial Experiment 4. 
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Figure 4.2.7 Sprouting capacity (g FW sprouts/g FW tuber) of aged (111) and non aged 
(0) tubers cv R. Burbank and Atlantic in Experiment 5. Data are means across seed 
tuber physiological status treatments. Error bar corresponds to standard error of the 
mean (N=225) . Bars with same letter are not significantly different (p =O. 05). 
A strong interaction was found between cultivar and seed age on sprouting capacity in 
Experiment 5 (p<0.001) (Figure 4.2. 7). Sprouts of Russet Burbank tubers were found to 
be smaller in size than in Atlantic despite having more sprouts on the tuber. Differences 
in sprouting capacity between seed ages in Russet Burbank cultivar were not as evident 
as in Atlantic. 
Discussion 
This study has shown that planting environment (temperature and water potential at 
planting) can significantly affect both sprout number and sprout vigour. Increased sprout 
number and sprouting capacity with increasing temperature and water potential was 
recorded across the 5 experiments, and this trend was also consistent with the results of 
the preliminary experiment reported in section 4.1. The magnitude of the responses 
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varied between trials, indicating that variation in responses to planting environment were 
related to differences in the physiological age or status of the seed tubers. 
The sprout number response to temperature was greater in non-aged tubers than in tubers 
that were exposed to a period of higher temperature during storage. Sprouting capacity, 
which has been used as an indicator of seed aging (Krijthe 1962), was generally higher 
in the aged seed tubers than the untreated tubers. However, in sprouting pattern, the 
untreated seed tubers displayed a multiple sprouts pattern, a pattern characteristic of 
more advanced physiological age. Interpretation of these results is complicated by the 
effect of the aging treatment on sprout development prior to imposition of the 
temperature treatments. The aging treatment tended to induce some sprout growth prior 
to planting, meaning that sprout weight at the conclusion of the trials was a combination 
of growth prior to and during the experiment. Visually, sprout growth during the 
experiments greatly exceeded that prior to the imposition of temperature treatments, 
suggesting that the anomaly between sprout number and sprout vigour in terms of 
describing physiological age was a valid observation, but measurements were not made 
to confirm this conclusion. Advanced sprout growth on eye buds, which has been 
attributed to the stages of seed tuber physiological aging, may also suppress the growth 
of other sprouts and thus influence sprout number. According to Moorby and Milthorpe 
(1975), exposing seed tubers to high temperature storage lead to few sprouts becoming 
dominant, an observation that was consistent with the results of this study. 
Variations in water potential in the growth media were also shown to alter the sprouting 
pattern of the seed tubers. Lower water potentials decreased the sprout number, which is 
in agreement with Letnes (1958) who found that the sprouting may be restricted when 
planting seed tubers in dry soil. However, the response was found to be variable between 
experiments between tubers of different physiological status. Larger reductions in sprout 
number were observed in physiologically younger seed tubers. This finding is evidence 
that soil moisture conditions at planting may interact with the physiological status of the 
seed tubers to alter the seed performance. This might be related to differences in 
characteristics of cells in the physiologically older tuber which affect the ability of the 
tissue to adjust its internal water potential to maintain growth in low water potential 
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conditions. Water potential of the growth media influences the availability of water to be 
taken by the seed tuber to support the sprout growth, and seed tuber status may 
determine the uptake process (Svensson 1977). 
Despite the effect of water potential on sprout number, the effect of water potential of 
the growth media on sprout vigour was not consistent between experiments. 
Nevertheless, sprouting capacity tended to decrease in lower water potential treatments. 
Low water potential in the media may be expected to influence sprout growth through a 
reduction in cell expansion, therefore resulting in smaller sprouts. This is comparable 
with the response of other plants to water deficit where cell expansion is the most 
sensitive to water deficit (Fitter and Hay 1989). Other authors have documented a 
decrease in potato stem fresh weight due to drought treatment (Heuer and Nadler 1995). 
Russet Burbank was found to be more sensitive to the changes in temperature than 
Atlantic in terms of sprout number. Russet Burbank was also found to be more sensitive 
to changes in water potential in relation to sprout number and sprouting capacity. 
Previous studies have documented cultivar differences in response to drought. Cultivar 
Atlantic was found to maintain lower stem water potential compared to cultivars 
Norchip and Monona in response to low water potential conditions (Coffey et al. 1997). 
Differences in water relations between cultivars could therefore contribute to variation in 
response to changing water potential during crop establishment. 
The evidence presented in this section supports the conclusion that besides factors that 
are already known to affect the stem number, such as seed size (eye number), storage 
duration and conditions, temperature and moisture conditions at planting can affect 
sprout number from seed tubers. These factors appear to interact to alter the expression 
of the physiological status of the seed tubers in determining seed performance. This 
study also leads to the conclusion that, in order to quantify the stem number production, 
seed tuber physiological age is not the only factor that defines the stem number per plant 
but temperature and moisture at planting also need to be considered. 
The results of this study then may lead to an explanation for the inconsistency m 
physiological age studies and on the difference between studies in the lab and in the field. 
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Study in the lab was almost always carried out in controlled temperature using the 
optimum temperature for sprouting (15 to 20 °C) while conditions in the field such as 
soil temperature and water potential is hard to control and may vary or fluctuate. 
Planting environment then may interact with the physiological status of the seed tubers 
and alter the potential of seed tuber performance. Beside that it is hard to come up with a 
generalisation of the response of seed tubers to physiological aging. Nevertheless, new 
ideas have been initiated by this study which provides an indication of the possible 
interaction between planting environment and seed tuber age. Further study is needed to 
undertake to include a broader range of seed tuber physiological status as it is important 
to acknowledge that seed tuber materials used in this trial could be in a very narrow 
physiological status and the thermal time concept as an indicator of seed aging is not 
sufficiently accurate. The thermal time concept has been modified recently by Struik et 
al. (2006) who suggest that the temperature sum after the end of dormancy is more 
crucial for the process of aging of the seed tuber. Despite this, there has not been a 
unifying indicator for the physiological age of the seed tuber. Study then needs to be 
conducted to investigate a method to quantify the seed tuber status which in turn may 
influence the sprouting pattern of the seed tubers. 
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Chapter 5 Investigation of water potential effect on sprouting 
and mitotic index as an indicator of the sprouting pattern of 
tubers of different physiological ages 
Introduction 
The physiological aging process of the seed tuber is triggered by factors inside the tubers 
through biochemical and physiological changes (Kumar and Knowles 1996; Hajirezai et 
al. 2003; Claassens and Vreugdenhil 2000). The changes in seed tubers during storage 
are associated with physiological processes such as hormonal metabolism, carbon 
metabolism and membrane integrity, with some of these processes contributing to loss of 
apical dominance in tubers during storage. An understanding of these different pathways 
in the tubers may lead to identification of a biochemical indicator for seed tuber aging 
(reviewed in Coleman 2000). However, to date there has been little success in finding an 
indicator as many changes in biochemical pathways are specific to certain conditions 
and therefore a unifying marker that works in all conditions and circumstances has 
proved difficult to identify. 
While studies have focused on identifying an indicator of physiological age within the 
tuber, less attention has been given to changes occurring within the sprouts on the tuber. 
At the end of dormancy, the initiation of sprout growth may be regulated by changes 
associated with the aging process, but may also be influenced by processes occurring 
within the sprouts. In addition, as changes in the number of sprouts emerging from a 
tuber are characteristic of physiological aging, changes in cellular activity within the 
sprouts may be an early indicator of physiological aging. According to Caldiz et al. 
(2001 ), the influence of physiological age of the seed tuber is modified by additional 
effects of conditions and treatments on the behaviour of the sprouts after dormancy 
breaking. Other authors suggest that when sprouting starts in storage, both mother tuber 
and sprout age affect the sprouting pattern of the tuber (van Ittersum 1992; Krijthe 1962). 
After planting, temperature and water potential of the planting media also affect the 
sprouting pattern of tubers, and it is possible that this effect is through processes 
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occurring in the sprouts rather than, or in addition to, processes in the mother tuber. 
While tubers are in storage, sprout growth is generally restricted by low temperature and 
water availability, so the major processes involved in aging are likely to be in the mother 
tuber. Following planting, however, the sprouts become the major sites for cell growth 
and development processes. As- external conditions may influence the rate and timing of 
growth and development processes, investigation of the effects of temperature and water 
potential on sprout development processes may explain the effect of planting 
environment on stem number. 
Sensitivity towards storage environmental conditions, especially temperature, during 
different stages of physiological development of the seed tuber may vary before and 
after dormancy break due to changes in metabolic processes taking place (Struik et al. 
2006). While these authors may have considered growth and development of the sprouts 
in the eyes of the tuber after sprouting to be part of aging, it is potentially a different set 
of processes than those within the tuber (hormones, membrane properties and carbon 
metabolism). However, evidence for separate processes is rare. 
Mitotic index is one way to measure the growth and development of cells in plant tissue. 
Mitotic index is the percentage of cells within an area of tissue that are dividing at any 
given time. During dormancy in potato tubers, where no sprout growth occurs even 
when the seed tuber is exposed to favourable conditions for sprouting, the sprout 
meristem within the eye bud was found to have its meristematic cell activity blocked at 
the G 1 phase, an intervening phase in cell cycle before DNA synthesis phase takes place 
(Hopkins and Huner 2004 p. 343), resulting in a low mitotic index (Campbell et al. 
1996). This index gradually increased following the loss of seed tuber dormancy. The 
mitotic index could be used for describing the growing capacity of each eye on the tuber. 
Increase in mitotic index in the lateral buds was found to coincide apex removal in pea 
(Pisum sativum L.) seedlings (Nagao and Rubinstein 1976). This indicates that release 
from apical dominance in this instance could be marked by the occurrence of cell 
divisions in the buds. Only a few studies related to mitotic index in potato during tuber 
formation (Duncan and Ewing 1984) and bud dormancy (Faivre-Rampant et al. 2004) 
have been published. Low temperature storage will allow reserve mobilization and 
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hormonal changes to take place (Hajirezai et al. 2003) but may restrict or inhibit the 
mitotic activities on the bud meristem (Campbell et al. 1996). 
Experiments were undertaken to investigate the relationship between mitotic activity of 
the eye buds of seed tubers and physiological age of the seed tubers, and changes in 
sprouting pattern induced by temperature and water potential treatments. The experiment 
was designed to test hypotheses that there are differences in growing capacity of the eye 
buds of potato tubers at different positions on the tuber and there is a correlation 
between the growing capacities of the sprouts and the net growth and sprout number. It 
is proposed that differences in mitotic activity between eye buds may influence the 
sprouting pattern. 
Materials and methods 
Experimental design and treatments 
The trial contained eight treatments; two cultivars (Russet Burbank and Atlantic) and 
two different seed ages. Seed tubers were aged by exposing tubers to 15 °C storage for 2 
months while seed tubers for the younger seed physiological age treatment were kept at 
4 °C. Both storage treatments (4 °C and 15 °C) were set up in dark conditions and a 
relative humidity of 80-90%. After aging in the 15 °C storage, seed tubers were 
carefully placed back into the 4 °C room until the start of the trial. Each age and cultivar 
combination was grown in two moisture conditions (-0.6 and -0.02 MPa for dry and wet 
treatment, respectively) in a single growth cabinet set at 20 °C. Vermiculite (Grade 2, 
Australian vermiculite and Perlite Co-P/L) was used as the growth medium and water 
potential for each moisture treatment was established as in previous experiments using 
Equation 1 in section 4.2, p. 64 in Chapter 4. Three eye bud positions were marked 
(Plate 5.1) and initial length of each sprout was measured using a dissecting microscope 
fitted with an eyepiece micrometer. Prior to commencing the treatment, an initial sample 
was taken to establish mitotic activity of sprouts at the completion of the storage period. 
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Plate 5.1. Determination of the sections on the seed tuber 
(a) apical end (b) median (c) basal end 
Tubers were either left intact or the selected eyes were isolated using a cork borer to 
obtain a core sample. Each intact tuber was planted in a single plastic container (0.75 L 
round container) at l 0 cm depth and the core samples (three for each tuber) were planted 
approximately five cm apart. A completely randomized design was employed with 25 
replicates, resulting in a total of 400 samples. After three weeks, assessment of sprouting 
at each position was undertaken and the length of sprouts was recorded. Percentage of 
eyes sprouting (% sprouting) and net growth of each sprout was calculated . Percentage 
sprouting for each position was recorded as the proportion of eye buds where sprout 
growth was recorded from all replicates. Data then was analysed with SPSS v.14.0 
(SPSS Inc. 2005) software package. 
Mitotic index assessment 
For each seed tuber, eye buds from three different positions were marked (Plate 5.1). 
Shoot apical meristem of each bud was excised and prepared based on the squash 
method described below. Prior to excision, sprout length and diameter then were 
measured for each of the buds. The sprout tip was dissected from the remaining tuber 
and sprout tissue (Plate 5.2.a) and the apical dome (Plate 5.2.b) was then dissected using 
a dissection microscope. 
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Plate 5.2. Picture of a. an eye with buds; b. sprout apical meristem with apical dome 
shown between the leaf primordia 
The sample was carefully transferred on to a glass slide using a small scalpel. A drop of 
the staining solution, 1 % aceto-orcein, was added and the glass slide was warmed with 
an alcohol lamp. A cover slip was placed over the meristematic tissue and the apex 
tissue was gently squashed with the cover slide. These processes were repeated twice to 
make sure the cells were separated and evenly spread. 
Using a Carl Zeiss Microscope with Nomarski phase (a Differential Interference 
Contrast method), mitotic activity of shoot apical meristem cells of eyes at different 
position on the seed tubers was qualitatively determined. 
Technical information for the microscope: 
Filter 473600 (polarising filter) 
DIC condenser 465279 
Type 3 Interference-contrast slide: Inco slide, 474433 
Mitotic index was determined by counting the number of cells in the four mitotic stages 
(Prophase, Metaphase, Anaphase and Telophase) in 5 different fields of view for each 
sample. Mitotic stages are described briefly in figures in Table 5.1. Before entering the 
mitotic stage, the cell is in lnterphase, which is indicated by a nucleus with firm shape 
and no chromosome condensation. 
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Table 5.1 . Mitotic stage in the cell cycle of green algae (Koning 1994) and potato (this 
chapter). 
Prophase 
Prometaphase 
Metaphase 
Anaphase 
Telophase 
Results 
Mitotic index assessment 
There was no significant difference in mitotic index of sprout apices between eye bud 
positions (p=0.246) and seed tuber status (p=0.808) for cultivar Russet Burbank. 
Similarly, this was also observed for cultivar Atlantic (p=0.745 and p=0.791 for eye bud 
position and seed age, respectively) (Table 5 .2). Mitotic index of the sprouts were found 
to be within a range of 40 to 60%. 
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Table 5.2 Mitotic index of eye buds at three different position of seed tuber in different 
physiological ages. Values in italic are standard errors of the means (N=l 0). 
Cultivar 
Seed tuber Mitotic index(%) at bud position 
physiological 
status Apical Median Basal 
R. Burbank Non Aged 43.5 ± 6.8 50.6 ± 9.2 50.8 ± 6.0 
Aged 41.2± 7.8 57.2 ± 6.0 50.4 ± 5.5 
Atlantic Non Aged 44.l ± 9.6 50.3 ± 4.0 40.3 ± 6.2 
Aged 50 ± 3.9 45 ± 7.0 44.4 ± 7.2 
While the differences were not statistically significant, there was a trend towards sprouts 
on physiologically older tubers having higher mitotic index than on younger tubers. No 
consistent trend in mitotic index was shown within the bud position for both cultivars. 
Although differences between eye bud positions were not significant, mitotic index of 
sprout apex at median and basal were higher than apical sprouts in cultivar Russet 
Burbank for both young and old seed tubers. This trend was not observed in Atlantic 
where highest mitotic index was found in sprouts at the median position in younger 
tuber while physiologically older tubers showed highest mitotic activity in the apical 
sprout. 
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Figure 5.1. Cells activity of sprouts on different positions of non-aged (0) and aged (II) 
tubers of cv R. Burbank (left) and Atlantic (right). 
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Mitotic assessment also shows that more cells at the later stages of mitosis were found in 
the sprouts of physiologically older seed tubers in both cultivars (Figure 5.1. and Table 
5.3) however no significant differences between bud positions were found. More cells in 
the metaphase stage were found in aged tubers of cultivar Atlantic than non aged tuber 
but not in cultivar Russet Burbank. 
Table 5.3. Proportion of cells in different mitotic stages in sprout apical meristem of eye 
buds at different positions and seed tuber status of cultivar Russet Burbank and Atlantic. 
l.s.d. figures shown with extent of significance (*p<0.05, **p<0.01, ***p<0.001, n.s not 
significant). 
Cultivar Mitotic Stage % of cells in the mitotic stage l.s.d Non Aged Aged 
R. Burbank Interphase 52.4 50.4 n.s. 
Prophase 44.2 42 n.s. 
Metaphase 2.6 3.3 n.s. 
Anaphase 0.2 0.5 n.s. 
Telophase 0.7 4.0 0.6** 
Atlantic Interphase 55.1 52.3 n.s. 
Pro phase 40.9 37.1 n.s. 
Metaphase 1.9 5.1 1.0* 
Anaphase 0.1 0.5 n.s. 
Telophase 2.0 5.1 1.1 * 
Correlations between mitotic activity and sprout growth 
Mitotic index was not significantly correlated to either percentage sprouting (p=0.701) 
or net growth (p=O. 7 4 7) of the eye bud at different positions (Appendix C7) across all 
moisture treatments. Mitotic index differences between aged and non aged seed tubers 
did not explain the sprouting of the eye bud at different positions (Figure 5.2). 
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Figure 5.2 Mitotic index (symbols and lines) and % sprouting (bars) of sprouts of 
isolated eye bud at different position on seed tuber of non-aged tuber (_t._, 0) and 
aged tuber (----o----, Ii ) of cv R. Burbank (a) and Atlantic (b). Bar corresponds to 
standard error of the mean (N= 10). 
Mitotic index did not explain differences between the eye bud positions on seed tubers 
having the same physiological status. Although no significant difference was found in 
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the net growth between the isolated buds at different positions in both cultivars, lower 
net growth in median position sprouts was recorded in cultivar Atlantic. Data showed 
that mitotic index of sprouts at this position tended to be higher than at the basal or 
apical positions. However sprout growth of the eye buds within the same seed tuber 
physiological status did not follow the trend of mitotic index. This indicated that other 
mechanisms within the seed tuber may regulate the difference in mitotic index between 
the eyes while seed tuber aging processes affect the growth rate of sprouts after planting. 
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isolated eye bud at different position on seed tuber of two cultivar (a) Russet Burbank 
and (b) Atlantic of non-aged tuber (_ 6___, D) and aged tuber (----o----JI ). Bar 
corresponds to standard error of the mean (N=lO and N= 50 for mitotic index and net 
growth, respectively). 
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Interaction between eye buds on % sprouting and net growth 
The effect of apical dominance on sprouting was evident when sprouting of intact tubers 
was compared to sprouting in cores taken from equivalent tubers (Figure 5.4). There was 
a significant apical dominance effect (p<0.01) when the buds were left intact on the 
mother tuber in cultivar Atlantic but not in Russet Burbank (p=0. 133) across all moisture 
treatments . 
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Figure 5.4. % sprouting of sprouts at different position for (a) Russet Burbank and (b) 
Atlantic in intact tuber (D) and core samples (II) . Bars with same letter are not 
significantly different (p=O. 05). 
There were no significant differences between seed tuber physiological age in the % 
sprouting found between eye buds at different positions both in intact or isolated buds. 
This response was consistent both in cultivar Russet Burbank (p=0.267) and Atlantic 
(p=0.875) (Figure 5.5). For cultivar Russet Burbank, sprouting potentia l increased to 10 
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and 15% in median and basal sprouts, respectively in physiologically older (aged) tubers 
when the eye bud was isolated from the dominance of the apical sprouts. This trend also 
was observed in physiologically younger seed tuber but only for sprouts at the basal end 
of the tuber. For cultivar Atlantic, apical dominance was observed both in 
physiologically older tubers and younger ones when the eye buds were intact in the 
mother tuber. Isolating the eye buds from the apical sprouts did not increase the 
percentage of sprouting of eye buds at median and basal position. 
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Figure 5.5. % sprouting of sprouts at different position in non-aged seed tubers (D) and 
aged tubers (Ii) physiologically young and old tubers in (a) intact and (b) core samples 
of cultivar Russet Burbank (left hand side) and Atlantic (right hand side) . 
For cultivar Atlantic, apical sprouts were found to have significantly hi gher net growth 
compared to median and basal sprouts when the eye buds were intact (p<0.001) (Figure 
5.6) . This difference was smaller when eye buds were isolated, although there was 
always higher sprout growth in apical sprouts either in intact or core samples. Apical 
dominance was stronger in cultivar Atlantic compared to Russet Burbank. The 
suppression followed a hierarchy based on bud position, with basal buds the most 
suppressed. Although isolation in Atlantic eliminated the dominance of the apical 
sprouts, it also resulted in sprouts with lower net growth compare with intact bud. 
Isolation did not reduce the growth of sprouts in Russet Burbank. 
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Figure 5.6. Net growth of isolated (Ii) and intact (0) sprout at different bud position. 
Bar corresponds to standard error of the mean (N= I 00). Bars with same letters are not 
significantly different (p=0.05). 
Nevertheless, no significant differences were found between seed tuber physiological 
ages in sprout growth in this study for both cultivars (Table 5.4) . 
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Table 5.4. Net growth of sprout at different bud positions on seed tubers different in 
physiological ages. Data are means across tuber types. Values in italic are standard error 
of the means (N=lOO). 
Cultivar Seed tuber Net growth (mm) at: 
physiological status Apical Median Basal 
R. Burbank Non-aged 25.4 ± 2.0 21.9±20 20.1±1.9 
Aged 30.2 ± 2.5 21.6 ± 1.8 19.7 ± 1.9 
Atlantic Non-aged 21.5 ± 2.5 12.0 ± 2.2 5.0± 1.0 
Aged 23.1±2.4 6.9±1.5 5.5 ± 0.9 
The growth of sprouts at the median and basal end of the seed tuber were more 
suppressed in cultivar Atlantic than in Russet Burbank when older and younger seed 
tubers were compared. Cultivar Atlantic showed longer apical position sprouts at 
planting compared to Russet Burbank (Table 5.5). It is interesting to note that while 
mean sprout length was higher in the apical than median and basal positions for Atlantic, 
the mitotic indices of the apical meristem were not significantly different (Table 5.2). 
This indicates that mitosis/cell division has already commenced during storage. 
Table 5.5. Initial sprout length of sprout at different eye bud position of two cultivars. 
Data are means of 100 replicate tubers. Values in italic are standard error of the means. 
Seed tuber Initial sprout length (mm) Bud position physiological age R. Burbank Atlantic 
Young Apical 1.0 ± 0.05 1.2 ± 0.05 
Old 
Median 1.2 ± 0.05 0.9 ± 0.05 
Basal 0.9 ± 0.04 0.9 ± 0.04 
Apical 
Median 
Basal 
1.3 ± 0.1 
1.3 ± 0.06 
0.9 ± 0.05 
1.8 ± 0.09 
0.9 ± 0.05 
0.9 ± 0.06 
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Effect of moisture and seed tuber physiological age on growth of sprouts at 
dijf erent positions 
The sprouting potential and net growth of the sprouts on the seed tuber was influenced 
significantly by moisture and whether the eye bud was isolated or left intact on the tuber 
for both cultivars (P<0.001). There was no significant effect of seed tuber physiological 
age (p=0.843) on net growth, but sprout position showed significant effects on this 
parameter (p<0.001). Only a small effect of seed tuber age was found in the sprouting 
percentage parameter (p=0.021) for cultivar Atlantic but there was no effect on seed 
tuber age in Russet Burbank. 
Sprouting potential and net growth of the sprouts increased with water potential (Table 
5.6 and 5.7). Increase in sprout numbers could be related to the increase in sprouting 
potential of sprouts in the median and basal section. 
Table 5 .6. Percentage of sprouting and net growth of buds at different positions on aged 
and non aged seed tuber of cv R. Burbank. 1.s.d. (0.05) = 2.8 and 2.0 for% sprouting and 
net growth, respectively. 
Seed Water Intact Core 
Physiological Potential 
Status (MPa) Apical Median Basal Apical Median Basal 
%S2routing 
Non-aged -0.6 
-0.02 
Aged -0.6 
-0.02 
Net growth (mm) 
Non-aged -0.6 
-0.02 
Aged -0.6 
-0.02 
96 
100 
84 
92 
18.6 
26.5 
28.3 
31.7 
72 
92 
76 
92 
14.5 
26.2 
17.6 
19.3 
80 
92 
68 
95 
12.0 
24.4 
11.0 
20.7 
100 
100 
100 
100 
14.8 
41.7 
18.8 
42.0 
96 
100 
100 
100 
8.2 
38.7 
12.2 
37.5 
96 
100 
100 
100 
7.8 
36.3 
8.1 
39.1 
109 
Chapter 5 Study on sprouting pattern 
Table 5.7. Percentage of sprouting and net growth of buds at different positions on aged 
and non aged seed tuber of cultivar Atlantic. l.s.d. (0.05) = 4.9 and 1.8 for % sprouting 
and net growth, respectively. 
Seed Water Intact Core 
Physiological Potential 
Status (MPa) Apical Median Basal Apical Median Basal 
%S2routing 
Non-aged -0.6 100 96 76 95 75 75 
-0.02 96 96 76 100 96 100 
Aged -0.6 100 65 62 59 65 67 
-0.02 100 88 71 96 100 96 
Net growth (mm} 
Non-aged -0.6 42.8 26.0 1.5 2.1 0.9 1.6 
-0.02 32.3 12.7 8.2 8.8 8.3 8.8 
Aged -0.6 41.9 6.1 5.2 2 1 1.6 
-0.02 33.7 12.7 4.8 14.7 7.8 10.3 
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Figure 5.7. Net growth of sprouts of intact (D) and isolated (II) of cv (a) R. Burbank 
and (b) Atlantic at different water potential. Each data point is average across seed tuber 
physiological status and sprout positions. Bar corresponds to standard error of the mean 
(N=150). Bars with same letters are not significantly different (p =0.05). 
Sprout net growth decreased with water potential, and the effect was particu larly evident 
in core samples compared to when the eye buds were intact on the mother tuber (Figure 
5.7) in both cultivars. In intact tubers, sprout growth was maintained presumably by 
seed tuber adjustment to water deficit. When moisture is not limiting growth, net growth 
was higher in core samples than intact tuber as there was no competition between eye 
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buds. Growth in Russet Burbank was affected to a greater extent by change in water 
potential than Atlantic. 
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Figure 5.8 . Sprout growth of cv R. Burbank (Ii) and Atlantic (0) at different water 
potential. Data are means of all non cultivar and water potential treatments . Bar 
corresponds to standard error of the mean (N=300) . 
Discussion: 
The mitotic index of sprouts were found to be within a range of 40 to 60%, which was 
similar to previously published values of non-dormant, actively growing sprout apices of 
potato (Campbell et al. 1996). The mitotic index of sprouts prior to planting was not 
correlated with sprout development after planting. There was no significant difference in 
mitotic index between sprouts at apical, mid tuber and basal positions, but significant 
differences were recorded in the percentage of sprouts that elongated and in the growth 
rate of the sprouts. The rate of cell division in the sprout meristem at planting was 
therefore not an indicator of growth potential of the sprout. The presence of sprouting 
during storage could account for the elevated mitotic level at planting as cell division 
and expansion are needed for sprouting. This may explain the non significant differences 
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m mitotic index and warrants further assessment of mitotic activity of buds during 
storage and sprouting. 
The small range of the mitotic index values between physiologically young and old seed 
tubers may indicate a narrow range of physiological aging of the seed tubers used, and 
this conclusion was supported by the sprout growth measurements between the seed 
tuber age treatments. Comparison of sprout growth rates between intact tubers and 
isolated cores containing a single sprout demonstrated that an apical dominance response 
was present in both young and old tubers of both cultivars. Although mitotic index at 
planting was similar between eye buds on the seed tuber, sprouting growth of the bud at 
median and basal positions was reduced by this correlative interaction between the buds. 
The sprouting pattern associated with apical dominance was consistent with published 
observations (Goodwin 1966; Hay and Hampson 1991), with a greater reduction in 
sprouting potential the further the distance of the bud from the apical complex. 
The degree of apical dominance was found to vary between cultivars and with seed tuber 
physiological age, which is in agreement with Phillips (1975) who suggested that 
physiological conditions of individual plants influence the degree of disadvantage 
experienced by the lateral buds. Aging of seed tubers in higher temperature storage 
increased this inhibition mechanism, presumably by promoting a few sprouts to grow 
bigger and thus suppressing other buds. In both cultivars, the proportion of cells in 
telophase stage was significantly higher in sprouts of aged seed tubers, which may 
indicate that aging seed tubers in higher temperature storage increases the cellular 
activities in the eye bud (Moorby and Milthorpe 1975). Isolation of eye buds from the 
apical dominance increased the chance of sprouting by eliminating the competition with 
other eyes in utilising the resources for growth (Coleman 2000). 
When the correlative inhibition of growth by the apical sprout was eliminated by 
isolating eye buds into core samples, each eye was given a chance to grow. The growth 
of the isolated sprouts reflected the physiological state of the sprout after storage. The 
proportion of cells in the later mitotic stages appeared to be associated with the net 
growth of the sprouts at different positions on the tuber. Advanced mitotic activities 
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found in physiologically older seed tubers, especially in apical sprouts, as a result of 
sprouting during storage, resulted in higher net growth in the sprouts of older tubers 
compared to younger. Mitotic activities also showed differences between cultivars in the 
proportion of cells actively divided in the median and basal eye buds which may explain 
the difference of apical dominance between these cultivars. The higher the storage 
temperature, the higher the rate of physiological ageing of seed tubers (Wurr 1978), and 
cultivar differences have also been found in sensitivity to ageing (van Ittersum et al. 
1990). Cultivar differences also have been shown in section 4.2 of Chapter 4. Cultivar 
Atlantic, which showed strong apical dominance especially in the physiologically older 
seed tubers, had a lower number of sprouts than Russet Burbank in this study. 
In addition to the apical dominance effect, soil moisture and resource availability, i.e. 
carbohydrates in isolated cores, was also found to have a significant impact on the 
percentage of sprouting and net growth of sprout on eye bud at different positions. 
Reduction in sprout growth and the number of sprouts on all buds were observed in both 
cultivars and whether buds were in a correlative inhibition or separated from the 
dominance of the apical sprout (Faivre-Rampant et al. 2004; Claassens 2002; Dimalla 
and Staden 1977)~ This was also also evident in Experiment 5 in term of sprout number 
and sprouting capacity. This supports the key findings of Chapter 4 where sprout 
number and sprouting capacity were reduced when conditions was dry. This indicates 
that sprouting pattern may be regulated by the existence of apical dominance and soil 
water availability (Letnes 1958) and prediction of stem number production needs to take 
into account seed tuber physiological status and planting environment. 
The physiological studies described in Chapter 4 and the current chapter provide 
evidence of the interaction between seed tuber physiological status and planting 
environment in affecting stem number production. These findings expand the current 
understanding on the key factors that may affect the number of stems and hence stem 
density which in tum can partly determine the production of marketable tubers. 
Incorporation of this knowledge in a crop model will be the next stage of the project to 
allow this physiological understanding to be utilised by the industry as a decision 
support system. In addition, the modelling work also needs to include the effect of seed 
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tuber physiological age on other crop growth processes such as pre-emergent growth and 
leaf area production. 
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Chapter 6 Effect of planting environment and seed tuber 
physiological age on the pre-emergent growth of potato 
Introduction 
The incorporation of planting environment parameters in a mechanistic model 
requires knowledge of the effects of the key environment components, temperature 
and water potential, both on stem number and stem growth rate. Data on stem 
number effects has been presented in the previous two chapters. This chapter focuses 
on the effect of planting environment and seed tuber physiological age on the pre-
emergent growth of potato. 
Pre-emergent growth can be broken down into three distinct phases, namely: (i) 
dormancy (ii) a lag period prior to the commencement of; (iii) linear elongation of 
the sprouts and roots. Considering each of these in turn: 
(i) Dormancy 
Dormancy can be defined as the physiological state where there is no cell division 
and in which autonomous sprout growth will not occur even when the tuber is kept in 
conditions ideal for sprout growth (Moorby and Milthorpe 1975; Reust 1984; Struik 
and Wiersema 1999). Dormancy commences at tuber initiation and reaches its peak 
at harvest time and then gradually begins to break down during storage (Struik and 
Wiersema 1999). The length of dormancy is affected by several factors including 
genotype, conditions during seed growth and most importantly, the duration and 
temperature of subsequent storage conditions (Krijthe 1962). The duration of 
dormancy varies with genotype from 1 - 15 weeks after harvest of the seed crop 
(Moorby and Milthorpe 1975; Wiersema 1985; Struik and Wiersema 1999). 
Dormancy is said to be broken when at least one of the eyes is showing visible sprout 
growth (Classens and Vreugdenhil 2000). Another definition for dormancy is when 
80% of uniform size tubers show sprout development of at least 3 mm at 20 °C and 
relative humidity of 90% (Wiersema 1985). Seed tubers are typically planted after 
dormancy breakage. 
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(ii) Lag and linear phases of sprout elongation 
Following the end of dormancy, sprout growth follows a sigmoidal path, 
commencing with a lag phase followed by a period of linear growth prior to 
emergence (Firman et al. 1992). The duration of these phases is affected by soil 
temperature and moisture and the physiological age of the seed tuber (Vos 1995; 
Fulton and Fulton 2001; Struik and Wiersema 1999; Firman et al. 1992). 
Temperature is known to be the key driver of these phases (Krijthe 1962). Cardinal 
temperatures for sprouting range from 0-3 °C for base temperature (Firman et al. 
1992; Struik and Wiersema 1999; Sale 1979; MacKerron 1985), 15-20 °C for 
optimum temperature (Wiersema 1985; Sale 1979; Wang 1982; Struik and Wiersema 
1999) and 30-35 °C for maximum temperature (Wang 1982; Midmore 1984). 
Firman et al. (1992) report that a pre-warming treatment before planting can affect 
the lag phase duration of sprout growth. High temperatures increase cell activity up 
to a threshold maximum temperature, beyond which cell growth is impaired. 
When soil moisture content is adequate, the time between planting and emergence 
depends on sprout length at planting and soil temperature (Sale 1979). While seed 
pieces at the recommended size of 50 to 70 g have sufficient moisture to support 
sprout growth up to emergence, low soil moisture content during planting has been 
reported to reduce the maximum rate of sprout growth (Firman et al. 1992). 
Conversely, excess soil water in this stage can encourage the growth of pathogenic 
organisms (Pavlista 2003). 
Physiologically older tubers have shorter lag and linear phases than younger tubers 
(Klemke and Moll 1990; Kawakami 1952; Hartman and van Loon 1987; Struik and 
Wiersema 1999; Bohl et al. 2003; Firman et al. 1992). Firman et al. (1992) propose 
that the lag phase typically ends with a sprout length of ~ 1 Omm, after which linear 
elongation occurs. Based on this definition these authors estimated the duration of 
the lag phase to be ~60 °C d (Tb 1 °C) while the duration for young tubers may be 
longer. 
Vos (1995) reports that sprout elongation rate increases with physiological age up to 
a certain threshold age, beyond which it declines. According to Bohl et al. (1995), 
warm temperatures during planting may negate the difference in time to emergence 
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between older and younger seed. King and Stark (1997) also argued that wet soil 
conditions can increase stress for the seed piece and increase the physiological age of 
the seed tuber. Despite this, no data have been presented on the interaction between 
planting environment, e.g. temperature and moisture, and seed tuber physiological 
age on the pre-emergent growth of potato. 
Attempts to quantify the response of pre-emergent growth to physiological age have 
been unsuccessful to date (Firman et al. 1992; Klemke and Moll 1990; Knowles and 
Botar 1991 ). This is due in part to the absence of any reliable means of quantifying 
the physiological age of the seed. Furthermore, previous studies have not quantified 
(Bohl et al. 1995; King and Stark 1997) the effect of planting environment, 
specifically soil temperature and moisture, on the physiological age of the seed and 
the resultant effects on pre-emergent growth. In addition, the effect of temperature on 
the physiological aging of the seed tuber is known to be highly cultivar specific 
(Struik et al. 2006). Little is known about the physiological age impacts on pre-
emergent growth of the main potato cultivars used in Australia and Indonesia. 
Modelling pre-emergence of potato 
In SUBSTOR (Ritchie et al. 1995), the period from planting to emergence is divided 
into three phases: pre-planting, germination and emergence. Three options are 
available to the user for modelling of pre-emergent growth. The simplest relies on a 
user-defined input for emergence date. The other two options estimate time to 
emergence based on whether the seed is unsprouted or sprouted. The calculations 
employ a relative temperature factor which ranges between 2 °C and 33 °C (Ingram 
and McLoud 1984) to determine daily sprout elongation. For unsprouted seed, 
germination occurs after 7.35 days and subsequent elongation occurs at a specified 
daily elongation rate of28.4 mm/day under optimum soil temperature conditions (i.e. 
15 to 22 °C). The elongation rate drops if soil temperatures fall below or above this 
temperature range. When planting sprouted seed, a sprout-length dependent 
elongation rate (based on O'Brien et al. 1983) determines the rate of sprout growth. 
For both unsprouted and sprouted seed, emergence occurs when the cumulative 
sprout length exceeds the sowing depth. 
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The pre-emergence component of the LINTUL model assumes that seed dormancy 
and germination have occurred prior to planting and calculates the date of emergence 
using planting depth, initial sprout length and the sprout growth rate reported by 
MacKerron and Waister (1985): 1 mm I °Cd > Tb 2 °C (Kooman and Haverkort 
1995). 
Based on results from a controlled environment chamber and previous work by 
Sands (1989) on the pre-emergence growth responses to temperature, Firman et al. 
(1992) developed a model to predict emergence of potato that takes into account both 
the lag and linear phases and the effects of soil moisture on pre-emergent growth. 
Firman et al. (1992) calculated a maximum sprout growth rate of 17.7 ±1.4 mm/day 
in 'wet' soil compared with 12.1 ± 1.3 mm/day in 'dry' soil. The model is as follows: 
Where: 
T EM = time to emergence 
L = lag period (day degree > 1 ° C) 
Lo = the lag period for well sprouted seed ( 60 °C d > 1°C) 
s = sprout length at planting (mm) 
a and b = constants (276 and 0.625 ± 0.0445, respectively) 
T = Soil temperature 
D = Planting depth 
(6.1) 
Ro= maximum sprout growth rate (17. 7 mm/day on wet soil and 12.1 mm/day on dry 
soil) 
Ta = base temperature 
Tb = optimum temperature 
None of the aforementioned models take into account the effects of seed 
physiological age on pre-emergent growth, nor the genotype-specific effect of 
planting environment (via its effect on physiological age). Hence the objective of 
this trial is to: 
a) investigate the effect of temperature, seed age and soil moisture on the pre-
emergent growth processes for two commercial potato cultivars (Russet Burbank and 
Atlantic), and; 
b) to develop and parameterise a new pre-emergent growth model for potato. 
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Materials and methods 
Experimental design and treatments 
This study was carried out in conjunction with Experiment 5 (Chapter 4). Three 
temperatures (10, 15 and 20 °C) and three water potentials (wet (-0.02 MPa), dry 
(-0.6 MPa) and fluctuated between wet and dry) were applied to two lots of cv 
Russett Burbank and Atlantic seed tubers with physiological ages, 'young' and 'old'. 
The approaches used to establish the target water potentials and aging treatments are 
described in the materials and methods for Experiment 5 (Chapter 4, p. 64-68). A 
completely randomized block design was employed with temperature as the block 
strata. All possible combinations of seed tuber physiological age, cultivar and 
moisture treatments were randomized in each temperature level with 25 replicates of 
each. 
Observations and statistical analysis 
The length of the longest sprouts of 3 tubers for each treatment combination were 
measured prior to planting and at 9, 13, 17 and 21 days after planting. Sprout length 
was measured with a dissecting microscope fitted with an eyepiece micrometer and 
ruler. The method for estimating the time of lag phase completion and the rate of 
linear sprout elongation was based on that reported by Firman et al. (1992). The end 
of the lag phase was taken as the time at which rapid linear sprout growth 
commenced. The linear growth rate was taken from the slope of the linear regression 
line fitted to the sprout growth plot beyond a sprout length of 10 mm. F-test analysis 
was made to identify factors affecting lag phase duration and linear growth rate. 
Statistical analysis was undertaken using the SPSS v. 14.0 software package (SPSS 
Inc. 2005). 
Results 
Growth of the longest sprout was characterised by an initial period of slow growth up 
to a sprout length of -1 Omm, followed by a period of more rapid linear elongation 
(Figure 6.1 ). 
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Figure 6.1. Response of sprout growth to temperatures of 10 ° C ( <> ), 15 °C (o) and 
20 °C (.c::.). Each data point is an average across all non temperature treatments and 
replicates. Bar corresponds to the standard error of the mean (N= 36). 
Lag phase duration 
Significant interactions (p<0.05) were found between cultivar, temperature, soil 
moisture and the duration of the lag phase (Table 6.1 ). A decrease in water potential 
at 10 °C from -0.02 MPa to -0.6 MPa extended the lag phase for cv Atlantic from 20 
days to 23 days. Significant interactions also occurred between cultivar, seed age and 
soil moisture (p<0.05). For cultivar Atlantic, increasing the water potential from -0.6 
to -0.02 MPa shortened the lag phase of younger tuber but lengthened the lag phase 
duration for older tuber. There were no significant differences in lag phase duration 
across the Russet Burbank moisture treatments. 
Despite those interactions, there were highly significant main effects of temperature 
and cultivar (p<0.001). Lag phase duration consistently declined with increasing 
temperature across all treatment combinations from 20 - 21 days at 10 °C to 3 - 5 
days at 20 °C (Figure 6.2). Lag phase duration for Russet Burbank (5 - 21 days or 
90 - 168 °Cd >Tb 2 °C) was typically longer than for Atlantic (3-20 days or 54-160 
°Cd >Tb 2 °C). 
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Table 6.1. Lag phase duration of sprout growth for different temperature (T1= 10 °C, T2=15 °C, T3=20 °C), cultivar (CV1 =Russet Burbank, 
CV2= Atlantic), seed age (PA1= young, PA2= old, and water potential (M1= -0.6 MPa, M2= fluctuated between -0.6 MPa and -0.02 MPa, 
M3= -0.02 MPa) combinations. l.s.d. figures shown with extent of significance (*p<0.05, **p<0.01, ***p<0.001, n.s.=not significant). 
Mi Ave Mz Ave M3 Ave 
CV1 CV2 Mi CV1 CV2 Mz CV1 CV2 M3 
PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave 
Ti 20.0 20.4 20.2 23.3 22.l 22.7 21.5 22.9 19.8 21.4 20.4 18.1 19.3 20.3 21.1 24.0 22.5 19.4 21.7 20.6 21.5 
Tz 9.7 11.8 10.8 9.2 7.8 8.5 9.7 12.2 10.1 11.2 9.4 10.4 9.9 10.5 10.2 11.5 10.9 7.7 10.4 9.0 10.0 
T3 5.6 5.6 5.6 3.3 1.4 2.3 4.0 4.7 3.7 4.2 2.8 4.2 3.5 3.9 5.6 3.3 4.4 1.7 4.5 3.1 3.8 
Ave 11.8 12.6 12.2 11.9 10.4 11.2 11.7 13.3 11.2 12.2 10.9 10.9 10.9 11.6 12.3 12.9 12.6 9.6 12.2 10.9 11.7 
Main effect: Interactions: 
Temperature (T) 0.54*** CV*T n.s 
Cultivar (CV) 0.37 *** CV*PA n.s 
Seed tuber physiological age (PA) n.s T*PA n.s 
Moisture (M) n.s CV*T*PA n.s 
CV*M n.s 
T*M n.s 
CV*T*M 2.2* 
PA*M 1.28* 
CV*PA*M 1.8* 
T*PA*M n.s 
CV*T*PA*M n.s 
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Table 6.2. Linear growth rate for different temperature (T1= 10 °C, T2=15 °C, T3=20 °C), cultivar (CV1 =Russet Burbank, CV2= Atlantic), seed 
age (PA1= young, PA2= old, and water potential (M1= -0.6 MPa, M1= fluctuated between -0.6 MPa and -0.02 MPa, M3= -0.02 MPa) 
combinations. l.s.d. figures shown with extent of significance (*p<0.05, **p<0.01, ***p<0.001, n.s.=not significant). 
Mi Ave Mz Ave M3 Ave 
CV1 CV2 Mi CV1 CV2 Mz CV1 CV2 M3 
PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave PA1 PA2 Ave 
Ti 1.3 1.2 1.3 0.9 1.1 1 1.2 0.4 1.5 0.9 1.3 2.6 2 1.5 1.2 0.7 1 1.6 0.9 1.3 1.2 
T2 3.4 4.5 4 4.5 4.3 4.4 4.2 4.1 4.2 4.1 3.6 4.3 4 4.1 5.2 3.7 4.5 4 4.3 4.1 4.3 
T3 4.3 4.7 4.5 1.5 2.4 2 3.3 2 3.5 2.8 3.1 4.6 3.9 3.4 2.4 2.1 2.3 4.4 4.7 4.5 3.4 
Ave 3 3.4 3.3 2.3 2.6 2.5 2.9 2.2 3.1 2.6 2.7 3.8 3.3 3.0 2.9 2.2 2.6 3.3 3.3 3.3 3.0 
Main effect: Interactions: 
Temperature (T) 0.34*** CV*T n.s 
Cultivar (CV) n.s CV*PA n.s 
Seed tuber physiological age (PA) n.s T*PA n.s 
Moisture (M) n.s CV*T*PA n.s 
CV*M n.s 
T*M n.s 
CV*T*M 1.47* 
PA*M n.s 
CV*PA*M n.s 
T*PA*M n.s 
CV*T*PA*M n.s 
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Figure 6.2. Response of lag phase duration of sprout growth to temperature for 
cultivar Russet Burbank ( o, __j and cultivar Atlantic (o, --------). Each point 
represents an average across all non temperature treatments and replications. Bar 
corresponds to the standard error of the mean (N= 18). 
Linear sprout elongation 
There was a weak interaction between cultivar, temperature and moisture (p<0.05) 
and the rate of linear elongation (Table 6.2). In the case of Russet Burbank, linear 
elongation rate decreased with increasing water potential at 20 °C only. In contrast, 
for Atlantic, elongation rate increased from 2 mm/day to 4.5 mm/day with increase in 
water potential from -0.6 MPa to -0.02 MPa at 20 °C. There was no significant 
difference between moisture treatments at 10 and 15 °C (Figure. 6.3). 
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Figure 6.3. Elongation rate of the longest sprout of cultivar (a) R. Burbank and (b) 
Atlantic at 10, 15 and 20 °C and -0.06 MPa (<>, -----), fluctuated between -0.6 and -
0.02 MPa (o, -.-.-.-.) and -0.02 MPa (Ll., ____). Each data point is an average of seed 
tuber physiological age treatments and replicates. Bar corresponds to the standard 
error of the mean (N= 6). 
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Discussion: 
The results of this study show that pre-emergent growth of potato can be broken into 
two distinct phases; a period of slow initial growth (lag phase) followed by a period 
of faster linear growth. The key driver of these phases is temperature. This supports 
the need for a two phase pre-emergent model as adopted by Firman et al. (1992). The 
lag phase duration for cultivars Russet Burbank and Atlantic in this study (90-160 
and 50-160 °Cd (> Tb2 °C), respectively) were shorter than those reported by Firman 
et al (1992) which ranged from 160 - 230 °Cd (>Tb 1 °C) for cultivar Estima. They 
were however comparable to the 125 °Cd (> Tb 2 °C) duration reported by 
MacKerron (1984) for unsprouted seed tubers of Maris Piper. The differences are 
attributable to cultivar differences and/or differences in the sprout length at planting, 
which is reported by Firman et al. (1992) to be correlated with lag phase duration. 
The rate of linear sprout growth was found to be highest for the 15 °C temperature 
treatment. This aligns with the findings of Struik and Wiersema (1999) who report an 
optimum temperature for sprout growth in the range of 15 - 20 °C. An increase in 
temperature up to the optimum level can increase the cell temperature and stimulate 
growth. A further rise in temperature can impair enzyme activity and reduce the 
growth rate (Fitter and Hay 1987). The linear growth rate measured in this study (4.5 
mm/ day) was lower than that reported by Firman et al. 1992 for cv Estima (> 10 
mm/day) but higher than that reported by Sands (1989) for cultivars Sebago and 
Sequoia (3 mm/day). 
The interactions found between genotype, soil moisture and temperature for lag and 
linear phases and between genotype, seed age and soil moisture for the lag phase, 
indicate the complex way in which these factors interact to determine the duration of 
pre-emergent growth. The inconsistent nature of this response is, as a consequence, 
difficult to capture in a simulation model. 
On this basis, the component pre-emergent growth model in APSIM Potato is 
comprised of separate thermal-time dependent lag and linear phases. The linear 
elongation rate is taken as the slope of the regression line fitted to sprout length 
versus time data (6.26 °Cd/mm, Tb=2 °C) from all treatments (Figure 6.4). The lag 
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phase duration (72 °Cd, Tb=2 °C) is taken as the x-intercept of this line of best fit. 
Emergence occurs when the sprout length is equivalent to the planting depth. 
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Figure 6.4. Sprout growth rate based on heat units (above base temperature of 2 °C). 
Each data point is an average of the replicates of all treatments expressed in thermal 
time. 
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Chapter 7 Effect of seed tuber physiological age on leaf 
area production of potato cultivars Russet Burbank and 
Atlantic 
Introduction 
Potato canopy architecture 
The architecture of the potato plant is described by Vos (1995). The main stem (MS) 
is the stem that grows from the tuber (Figure 7.1). From the main stem, branching 
consists of basal lateral branches (BLB) and apical lateral branches (ALB) (usually 
called sympodial branches). The basal lateral branches can occur either above 
(AGBLB) or below (BGBLB) ground (usually called secondary stems) while apical 
lateral branches occur above ground only on the top part of the branch, each 
terminating in inflorescences. 
MS 
MS2 ~ - flower 
1-> ·~"' roots i 
Mother tuber 
Figure 7.1. Schematic representation of morphological component of potato plant. 
MS: Main stem, MS2: main stem grows from seed tuber; AGBLB: Above Ground 
Basal Lateral Branch; BGBLB: Below Ground Basal Lateral Branch; ALB: Apical 
Lateral Branches; BLB: Basal Lateral Branches. Numbers in circle shows the order 
of the branches. The figure is adopted from Vos 1995. 
128 
Chapter 7 Study on lea(growth 
Potato cultivars are distinguished into two types, determinate and indeterminate 
(Struik 2007). Determinate type cultivars tend to be short and initiation of leaves 
ceases with the appearance of flowers and do not produce any successive order of 
branches. In indeterminate cultivars, initiation of new leaves does not cease with the 
appearance of the first flower on the main stem. Branches can emerge from any leaf 
axil on the main stem and can produce the next order of branches (Vos 199 5). 
Leaf area growth 
Leaf area growth in potato is a function of stem number per plant, leaf appearance 
and leaf number per stem (including branches), individual leaf area and leaf 
senescence. 
Stem number 
Seed size and seed tuber physiological age are recognised as the key drivers of stem 
number per plant (Struik and Wiersema 1999). Seed size determines the number of 
eyes with larger seeds producing more sprouts. Seed age influences the proportion of 
eyes that produce sprouts and the proportion of sprouts that produce stems (Knowles 
and Botar 1991). Older seed tends to generate more stems per plant compared to 
young seed. 
Leaf appearance and leaf number 
The leaf appearance rate is strongly correlated with air temperature (Borah and 
Milthorpe, 1962; Firman et al. 1995; Vos and Biemond 1992; Kirk and Marshall, 
1992) with the reported base temperature for leaf production ranging from 0- 9 °C 
(Firman et al. 1995; Biemond and Vos 1992; Kirk and Marshall 1992; and Vos 1995; 
Rahman et al. 2000; Midmore 1984); the maximum temperature from 31 - 36 °C 
(Rahman et al. 2000; Midmore 1984); and the optimum temperature is 24 °C 
(Rahman et al. 2000; Benoit et al. 1983; Sale 1979). The reported leaf appearance 
rate for potato varies from 31.5 - 41.2 °C d per leaf (Tb 0 °C) (Vos and Biemond 
1992; Kirk and Marshall 1992; Jeffries 1989). 
The total number of nodes on the main stem both below and above ground varies 
with cultivar and seed physiological age, but typically ranges between 17 and 27 
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(Bald 1946; Taylor 1953; Krijthe 1962). Firman et al. (1991) found that there was an 
increase in the number of nodes with increasing physiological age of the seed. This is 
attributed to a higher sprout development rate, which results in longer sprouts at 
planting and earlier canopy development (Struik and Wiersema 1999). 
Leaf area expansion 
According to Vos (1995), leaf size can be analysed in terms of the rate of expansion 
and the duration of expansion. The leaf area expansion rate is affected by genotype, 
temperature, moisture, nitrogen and available leaf assimilate (Firman et al. 1995; van 
Delden and Haverkort 2000; Bhagsari et al. 2004). The rate of leaf expansion 
increases with temperatures up to an optimum temperature of 20 - 25 °C and 
decreases thereafter (Benoit et al. 1983; Khurana and McLaren 1982; Struik and 
Wiersema 1999). The minimum temperature for leaf expansion is reported to be 
~7 °C (Moorby and Milthorpe 1975). Final leaf size and the maximum leaf area 
index vary with genotype (Bhagsari et al. 2004; Firman et al. 1995; Jeffries and 
MacKerron 1987). 
Among all factors affecting leaf growth, soil moisture is the most important. Drought 
significantly reduces the final size or area of potato leaves (Jeffries 1993; Heuer and 
Nadler 1995) by decreasing the leaf expansion rate (Munns 1993; Jeffries 1993). 
This response varies between genotype (Jeffries and MacKerron 1987). In an 
irrigation trial conducted by Heuer and Nadler (1995), leaf area was reduced by 76% 
when irrigation was withheld during the vegetative stage. 
Kirk and Marshall (1992) report that the thermal time duration for the expansion 
phase ofleaves on the main stem is relatively constant at about 150 - 200 °Cd (>Tb 0 
°C) up to leaf position 10. At higher leaf positions, the thermal time duration was 
similar or greater. The same authors report that final leaf size increases with leaf 
position up to a maximum area and then decreased at higher leaf positions. 
Despite a higher node and leaf number on the main stem, physiologically older seed 
may have a lower maximum leaf area (Struik and Wiersema 1999). Kirk and 
Marshall (1992) report more stems and smaller fully expanded leaf area associated 
with older seed. It is assumed that this is due to competition between main stem 
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leaves for growth substrate. In addition, the leaf expansion rate decreases with seed 
age (Knowles and Botar 1991). 
Leaf senescence 
The rate of leaf senescence in potato is reported to be 100 to 136 °Cd per leaf 
(> Tb 0 °C) (Vos and Biemond 1992). The rate increases with temperature (Ingram 
and McCloud 1984). A fully expanded leaf is estimated to have a lifespan of 460 °Cd 
at 20 °C. According to Vos and Biemond (1992) the lifespan of leaves is influenced 
by leaf position in a similar manner to the dependency of full-grown leaf area on leaf 
number. Leaves with the largest full-grown area have the longest life span, i.e. 
middle leaves on the main stem. Longer photoperiods are known to delay senescence 
(Demagante and van der Zaag 1988). 
Plants from physiologically older seed tubers are known to senesce and mature 
earlier (Struik and Wiersema 1999; Asiedu et al. 2003) however no reference could 
be found for an estimate of leaf senescence rate for plant grown from seed tuber of 
different physiological age. 
Modelling leaf growth 
The two reviewed models (SUBSTOR and LINTUL) estimate the leaf area index 
based on leaf expansion rate. In LINTUL, after emergence, an initial leaf area index 
of 0.0155 is specified, after which leaf area increases at a relative rate of 
0.012 m2/m2/day (adapted from Spitters and Schapendonk 1990, Kooman and 
Haverkort 1995). Leaves are divided into classes based on the time at which they 
appear. Each class differs in terms of time of senescence which is due when the class 
exceed a specified leaf longevity of I OOO °Cd. Longevity is reduced under shading 
conditions and tuber growth such that fast growing tubers reduce leaf longevity 
(Kooman and Haverkort 1995). 
Similarly, in SUBSTOR, daily potential leaf expansion is calculated by taking into 
account the plant leaf area (cm2/plant) and a temperature-dependent relative leaf 
growth rate adopted from Ingram and McCloud (1984). The rate is 0.5 kg/kg/day 
over the temperature range of 15 to 24 °C (Ritchie et al. 1995) and is lower when the 
temperature falls above and below this optimum range. The daily potential leaf 
expansion is reduced by water and nitrogen stress. Daily potential biomass 
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partitioned to leaves is equal to the potential leaf expansion divided by the specific 
leaf area. For both LINTUL and SUBSTOR, leaf area index (LAI) is calculated by 
multiplying the net biomass translocated to leaf by the specific leaf area. 
Neither LINTUL nor SUBSTOR capture the effects of genotype and seed 
physiological age on leaf growth and canopy architecture. The objectives of the trial 
reported in this chapter are to explore and quantify the effect of physiological age on 
leaf growth for the two cultivars Russet Burbank and Atlantic and to develop and 
parameterise a new process-based potato leaf growth model for incorporation into the 
APSIM modelling framework. This is a plant-based approach that simulates leaf area 
as a function of plant density, stem number per plant, branch number per stem, node 
or leaf number per stem and branch, leaf area per node and leaf senescence, and 
relates these component processes to management, genotype and seed physiological 
age. 
Materials and methods 
Experimental design and treatments 
The trial was established in a glasshouse at the University of Tasmania Horticultural 
Research Centre (42°50'S, 147°21 'E) and conducted from 27 November 2006 until 
26 March 2007. The experiment consisted of two treatment factors, namely cultivar 
(i.e. Atlantic and Russet Burbank) and seed tuber physiological age (i.e. young and 
old). Seed materials were obtained from commercial seed growers and were the same 
seed lot that was used in Experiment 3 (Chapter 4). Seed tubers were hand graded to 
a range between 50-60 g. The physiologically older seed tubers were created by 
following the aging treatment described in Chapter 4. The trial was set up as a 
complete randomized block design in a glasshouse with four replicates. 
Management 
The plants were grown in bag pots under non-limiting nitrogen and water conditions. 
One seed tuber was planted in each pot to a depth of 15 cm. Each bag was 3 5 L in 
volume and filled with potting mix comprised of composted pine bark and coarse 
sand (4:1 ratio) containing 3 kg/m3 Osmocote Plus (a slow release fertiliser with 
N:P:K:Mg ratio of 16:3.5:10:1.2 plus trace elements of S, B, Fe, Mn, Mo, Zn and 
Cu), 4 kg/m3 dolomite, 0.75 kg/m3 FeS04 and 0.75 kg/m3 Wettasol Granules). A 
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topdress application of Osmocote Plus was made at 40 days after sowing at a rate of 
50 g/bag. Each pot was irrigated to field capacity with drip irrigators (application rate 
of 24 litres per hour) at a frequency of once each day up until emergence and twice a 
day thereafter. Surplus water was allowed to freely drain from holes in the base of 
the bags. Pests and diseases were controlled using both chemical pesticides and 
biological control methods. The plants were sprayed with Neemtech (300 ml/10 
Litres) and Crown 2 ml/10 litres) at 30 days after sowing to control white flies 
(Trialeurodes vaporarioum). After that the white flies were controlled with Encarsia 
Formosa, applied at 60, 70 and 95 days after sowing. 
Observations and sampling procedure 
Node (leaf) appearance was recorded by monitoring the occurrence of new nodes on 
the main stem. The number of nodes on the main stem and braches were counted 
throughout the experiment every two days and each new leaf was numbered on the 
lamina with a permanent felt pen until the occurrence of the first flower. The rate of 
node appearance on the main stem to the first flower was calculated as the slope of 
the linear regression fitted to the plot of leaf number versus thermal time (above a 
base temperature of 2 °C). The time of full leaf expansion was determined by 
monitoring (non-destructively) the length and width of each leaf (terminal leaflet 
only). When there was no change in these dimensions, the leaf was said to be fully 
expanded. 
Leaves were considered to have senesced when 50% of the leaf turned yellow. The 
leaf was then detached from the plant and the time noted. Detached leaves were then 
brought back to the laboratory for determination of individual leaf area using the leaf 
scanner (EPSON Expression 10000 XL). Glasshouse temperature was monitored 
using a tiny tag data logger to enable thermal time calculation. 
Statistical analysis 
Analysis of variance procedures were performed using SPSS software (v. 14.0, SPSS 
Inc. 2005) to determine the significance of measured plant responses to treatments. 
The responses tested were leaf area and leaf number on main stem nodes and 
branches. Further analysis of leaf appearance and senescence rates was performed 
using SAS (v. 9, SAS Institute, Cary, North Carolina, USA) in order to fit linear 
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regression lines and to analyse the significant difference of regression parameter 
values e.g. slopes of each treatment. 
Results 
Stem number per pot/plant 
Stem number per plant was significantly affected by cultivar only (p<0.05). Cultivar 
Russet Burbank had an average of 4.5 main stems (average across all treatments and 
replicates) per plant compared to 2. 7 main stems for cultivar Atlantic. There was no 
significant differences (p=0.31) in stem number between older and younger seed 
tubers although older seed appeared to have higher stem number. Observation on the 
day of emergence also revealed that older seed had more leaves at emergence than 
younger seed for cultivar Russet Burbank but not for Atlantic. 
Leaf appearance 
The appearance rate of fully expanded leaves on the main stem increased linearly 
with thermal time (Figure 7.2). There was no seed age effect on leaf appearance rate 
(p = 0.988) in the case of cultivar. Atlantic with leaves appearing at a similar rate of 
~57 °Cd for both young and older tubers. In contrast, leaf appearance rates for 
cultivar Russet Burbank did vary significantly with seed age (p<0.001). That is, older 
seed tubers had a faster leaf appearance rate of 39.5 °C d per leaf (0.025 leaves per 
day degree) compared with 51.2 °C d per leaf (0.02 leaf per day degree) for younger 
seed. The total number of nodes on the main stem until the first flower ranged from 
13 to 16 nodes and 14 to 15 nodes for cultivar Atlantic and Russet Burbank, 
respectively. 
134 
Chapter 7 Study on leafgrowth 
a. Atlantic 
18 
.... 
16 D l ea 
-2 E 14 
"C Q) 12 Q) .... 
"C (/) 10 c c 
C'G ·- 8 c. ea 
>< E 6 Q) c 
~o 4 
::I 2 u. 
0 
b. R. Burbank 
18 ~~~~~~~~~~~~~~~~--~~~-~ 
.... 
ea 16 
Q) E 14 
~ ~ 12 
c c 10 
['iii 8 
>< E 
Q) c 
~o 
6 
4 
ir 2 
0 --+-~~~~~~~~~~~~~~~~~~~-; 
0 250 500 750 1000 1250 
Time (°Cd) 
Figure 7.2. The appearance of fully expanded leaves of cultivar Atlantic (a) and R. 
Burbank (b) of plants from young seed (o,------) and old seed (o, __J. 
Leaf senescence 
Leaves on the main stem were observed to senesce linearly with time (Figure 7.3). 
There was no significant effect of seed age and cultivar on the rate of senescence of 
the leaves on the main stem nodes. A single regression line fitted across all measured 
responses of cultivar and seed age treatments resulted in a rate of leaf senescence of 
102 °Cd per leaf (0.01 leaves per day degree). While the differences were not 
significant, physiologically older seed tubers tended to senesce earlier (488.7 °Cd) 
than younger tubers (610.4 °Cd). 
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Figure 7.3. Senescence of leaves on the main stem nodes across all measured 
responses of cultivar and seed tuber physiological age treatments. Each data point is 
an average of 4 replicates. 
Individual leaf area per main stem node 
The leaf area of successive leaves on the main stem node initially increased up to 
about node 7 or 8, and then plateaued until about node 11 before decreasing at higher 
node numbers (Figure 7.4). In the case of cultivar Atlantic, seed age did not 
significantly affect fully-expanded leaf size. However, in the case of Russet Burbank, 
leaves of plants established from young seed were larger than those associated with 
older seed (p<0.01). 
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Figure 7.4. Individual leaf size of leaf on main stem node for Atlantic (a) and R. 
Burbank (b) for young seed ( o) and old seed (o). Each data point is an average of 4 
replicates. 
Branching 
Canopy architecture was found to vary between the two cultivars and seed ages in 
this study due to differences in leaf area profile, stem number per plant and the 
location of branches on the main stem and associated leaf area. Figure 7.5 shows the 
total fully expanded leaf area for each main stem node, comprised of the sum of the 
main stem leaf and branch leaf area (arising from that node). Across the cultivars and 
seed age treatments, branching varied according to node position on the main stem. 
More leaves due to branches were found on basal and apical region of the plant than 
on the nodes in the middle region (p<0.01). 
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Figure 7.5. Total leaf area (main stem+ branch leaves) of cultivar Atlantic (a) and R. 
Burbank (b) established from physiologically younger seed tuber (-----D-----) and older 
seed tuber (_o_). Each data point is an average of 4 replicates. 
Discussion: 
This study has shown that seed age and genotype have a significant influence on 
many of the component processes of leaf growth. Russet Burbank had significantly 
more main stem nodes per plant compared to Atlantic. While not significant, older 
seed tended to have a higher number of main stems per plant. The response of leaf 
appearance to seed age was cultivar specific with older seed of Russet Burbank 
having faster leaf appearance compared with younger seed. As a consequence, leaf 
on plants grown from older Russet Burbank seed, senesced earlier than leaf derived 
from younger seed, although the difference was not significant. The response of leaf 
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senescence to seed age was also cultivar specific with younger Russet Burbank 
having larger leaf area profiles than Atlantic. Genotype and seed age differences 
were found for the location and extent of branching on the main stem. These results 
are in line with previous findings by Knowles and Botar (1991) and Firman et al. 
(1995) that plants from older tubers are more likely to have earlier emergence and a 
higher leaf number and development rate at an early growth stage. Similarly, Struik 
and Wiersema (1999) and Asiedu et al. (2003), report that plants from older seed 
have smaller maximum leaf area and earlier senescence. Cultivar differences have 
previously been reported by Firman et al. (1995). In their work, a decrease in the 
phyllocron with advancing seed age was found with cultivars Home Guard and 
Estima but not with other cultivars that were evaluated. These authors argue that the 
existence of nodes in older seed tubers before planting can lead to a faster rate of leaf 
appearance. While no observations were made of the initial node number at planting; 
in the case of Russet Burbank, older seed had more leaves at emergence than 
younger seed 
The simulation of leaf growth in APSIM Potato involves dividing the leaf canopy 
into strata aligned with each main stem. The total leaf area for each cohort is 
comprised of the sum of the main stem leaf area plus the areas of the nearest 
(vertically) branch leaves. Cohorts appear at the same rate as the appearance of main 
stem leaves, expand for a specified period, then enter a lag phase once they have 
fully expanded before senescing. Each cohort has maximum potential leaf area. With 
this cohort approach it is possible to adjust each parameter value to represent 
different genotypes and seed ages. The leaf growth model is explained in more detail 
in the modelling chapter (Chapter 8). 
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Chapter 8 APSIM-Potato: Model description, calibration 
and validation 
Model description 
The review of the two main process-based potato models in Chapter 2 identified a 
number of shortfalls in the prediction of stern number, pre-emergent growth and leaf 
growth. The experimental work described in Chapters 3, 4, 5 and 6 explored these 
knowledge gaps in order to develop a better understanding of the underlying 
processes and to develop functions for incorporation into a new potato model within 
the APSIM framework. In this chapter, the structure and functionality of APSIM-
Potato is examined and the performance of the model against an independent dataset 
assessed. 
The key parameters and constants used to specify the processes of APSIM-Potato are 
listed in Table 8.1 and described in the following text. 
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Table 8.1. Key parameters and constants for APSIM-Potato. 
Parameter Units Value 
Pre-emergent growth 
Sowing to emergence °Cd 288 - 335 (Chapter 6) 
Lag phase of sprout elongation °Cd 72 (Chapter 6) 
Rate of linear sprout elongation °Cd/mm 6.26 (Chapter 6) 
Post emergent-phenology 
Basic vegetative period °Cd 251 - 296 (Ritchie et al. 
1995, Chapter 8) 
Tuber initiation to end of tuber bulking °Cd 1400- 1500 (O'Brien 
1998; Chapter 8) 
Tuber bulking to maturity °Cd 466 - 489 (Chapter 8) 
Cardinal temperatures 
Base temperature oc 2 (Spitters and 
Schapendonk 1990) 
Optimum temperature oc 20 (Ritchie et al. 1995) 
Maximum temperature oc 3 5 (Ritchie et al. 1995) 
Biomass production 
Node production rate °Cd/node 55 (Chapter 7) 
Node senescence rate °Cd/node 102 (Chapter 7) 
Leaf growth period °Cd (Chapter 7) 
Cohort 1 150 
Cohort4 250 
Cohort 9 400 
Cohort 13 500 
Cohort 17 500 
Leaf lag period °Cd (Chapter 7) 
Cohort 1 150 
Cohort4 250 
Cohort 9 250 
Cohort 13 250 
Cohort 17 250 
Leaf senescence period °Cd (Chapter 7) 
Cohort 1 150 
Cohort4 150 
Cohort 9 150 
Cohort 13 150 
Cohort 17 150 
Leaf area potential mm2/cohort (Chapter 7) 
Cohort 1 20,000 
Cohort 4 70,000 
Cohort 9 70,000 
Cohort 13 150,000 
Cohort 17 150,000 
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Radiation use efficiency 
Extinction coefficient 
Biomass partitioning 
Vegetative period 
Leaf fraction 
Tuber fraction 
Root 
Tuber initiation period 
Leaf fraction 
Tuber fraction 
Root 
Tuber bulking period 
(90 % biomass to tuber) 
Leaf fraction 
Tuber fraction 
Root 
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g/MJPAR 1.6 / 2.5 (Allen and Scott 
2000; Kooman and 
Haverkort 1995) 
0.55 (Allen and Scott 
1980) 
(Kooman et al. 1996) 
0.5 
0 
0.2 
0.5 
0.1 
0.2 
0.0 
0.90 (Kooman et al. 1996) 
0.1 
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Phenology 
APSIM-Potato partitions the growth of the potato crop into six stages as defined in 
Table 8.2. Progression through each stage is driven by the accumulation of thermal 
time. Daily thermal time accumulation is calculated from crop-specific cardinal 
temperatures (base, optimum and maximum temperatures) and average daily air 
tempera~es. The potato model uses base, optimum and maximum temperatures of 2, 
20 and 35 °C, respectively (Firman et al. 1992; MacKerron and Waister 1985; Struik 
and Wiersema 1999; Ritchie et al. 1995). The base temperature of 2 °C is used in the 
model for all events. 
Table 8.2. Phenology stages in APSIM-Potato. 
Stage 
Planting 
Emergence 
Tuber initiation 
Start tuber fill 
End tuber fill 
Maturity 
Planting to germination 
Description 
From planting to germination 
From germination to emergence 
From emergence to tuber initiation 
From tuber initiation to start of tuber fill 
From the start to end of tuber fill 
From the end of tuber fill to final harvest 
Germination is independent of the soil moisture status and is assumed to occur on the 
day of planting of the crop (i.e. pre-sprouted seed, past dormancy). 
Germination to emergence 
Pre-emergent growth is broken down into two sub-phases; a lag phase of fixed 
thermal time duration followed by a period of linear sprout elongation ending in 
emergence of the seedling. Parameter values for lag phase duration and linear sprout 
elongation rate were derived from the experiment described in Chapter 6, 72 °Cd and 
6.26 °Cd per mm, respectively. 
Emergence to tuber initiation 
The time of tuber initiation is simulated in the same manner as floral initiation in 
other APSIM crop modules. According to Ritchie et al. (1995) tuber initiation in 
potato is photoperiod sensitive with initiation delayed by daylengths in excess of a 
cultivar-specific maximum optimum photoperiod. At shorter daylengths, the thermal 
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time duration to tuber initiation is fixed and photoperiod insensitive. In the absence 
of parameters for the cultivars in question, the photoperiod sensitivity has been 
disabled, with the duration from emergence to tuber initiation set to 275 °Cd (from 
Ritchie et al. 1995). 
Tuber bulking 
The duration of the stages from tuber initiation to the start of tuber fill and from the 
start of tuber fill to the end of tuber fill are defined by fixed thermal time targets of 
100 °Cd and 1400 °Cd (O'Brien et al. 1998a). The time of end of tuber fill typically 
corresponds with crop senescence. 
Maturity 
It is normal field practice following haulm death to keep the crop in the ground for 
another 2 weeks to ensure skin set and to avoid tuber greening. Maturity (and harvest 
time) in the model is set to 400 °Cd after the end of tuber fill. 
Flowering is not simulated in APSIM-Potato as it does not have any significant 
bearing on growth or development (Kabat et al. 1995). The phenology parameters 
are the only variety-specific parameters in APSIM-Potato. All others are species 
specific. 
Leaf area production 
The simulation of leaf area production involves integrating the component processes 
of leaf appearance, leaf expansion, branching and leaf senescence as described in 
Chapter 6. Leaf cohorts comprised of main stem and branch leaves that are at similar 
stages of development, appear at a rate of 55 °Cd/cohort (from Chapter 7). These 
cohorts then expand for a specified period, enter a lag phase once they have fully 
expanded before senescence commences. Each of these leaf growth stages has a 
cohort-specific thermal time duration as specified in Table 8.1. The potential leaf 
area of each cohort is also specified in Table 8.1 (from Chapter 7). The thermal time 
duration and potential leaf area of each cohort were derived from the observation 
data in Chapter 7. Two leaf area indices (LAI) are calculated each day by the model: 
1) today's potential LAI is based on the above parameters and; 2) an actual LAI that 
takes into account the discounting effect of water and nitrogen stresses. 
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Biomass accumulation 
Potential dry matter production (DM, g/day) is based on the amount of 
photosynthetically active radiation intercepted by the canopy (I, MJ/day) and the 
efficiency with which this radiation is converted into biomass (radiation use 
efficiency, RUE, g/MJ). That is: 
DM=RUExI (8.1) 
The amount of radiation intercepted is calculated from the amount of incident PAR 
(I0), the extinction coefficient (k) and leaf area index (L) according to Beer's law 
(Loomis and Connor 1992): 
(- k x L) I= 10 x { 1 - exp } (8.2) 
APSIM-Potato uses the same light extinction coefficient (0.55) as the SUBSTOR 
model (Allen and Scott 1980 cited in Ritchie et al. 1995). 
Radiation use efficiency is a species-specific parameter. In APSIM-Potato, RUE is 
set to 1.6 g/MJ from emergence to tuber initiation according to Allen and Scott 
(2001). Thereafter it increases to 2.5 g/MJ based on the work of Kooman and 
Haverkort (1995). Wassink (1968, cited irt Sale 1979) reported that higher radiation 
use efficiencies are likely to occur for a period in the middle of the potato growing 
season once the crop canopy has closed. Sale (1979) also demonstrated that there 
was an increase in RUE after tuber initiation which is related to growing demand of 
sink to photosynthetic assimilates. 
RUE is modified with temperature according to the relationship developed by 
Robertson et al. (2002) and shown in Figure 8.1. RUE is reduced when the mean 
daily temperature drops below 19 °C and rises above 24 °C according to the work of 
Kooman and Haverkort (1995). 
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Figure 8.1. Response of RUE to temperature. 
Biomass partitioning 
Four biomass pools are modelled in APSIM-Potato; leaf, stem, tuber and root. 
Between emergence and tuber initiation, 20% of daily biomass production is 
allocated to roots and the residual distributed amongst the leaf (80%) and stem (20%) 
components. Tuber initiation changes the partitioning routine with the tuber 
receiving first priority for daily biomass allocation. The allocation to root remains at 
20% up until the start of tuber fill while the stem allocation drops to 10% over the 
same period. Tuber allocation increases linearly from 10% at tuber initiation to 70% 
at start of tuber fill at the expense of leaf allocation which declines from 80% to 20% 
over the same period. Between the start of tuber fill and the end tuber fill, only 10% 
of the daily biomass production is allocated to root. The allocation of daily biomass 
production to tuber increases over this period from 70% to 90% at the expense of 
allocation to stem and leaf which drop to 0% at end of tuber fill. 
The partitioning coefficients used in the model were based on figures from literatures 
(Kooman et al. 1996) and the sequential harvest collected in the plant monitoring 
activity for the calibration described in section 8.2.1 in this chapter (Table 8.3). 
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Table 8.3. Proportion of daily biomass production (%) partitioned to various plant 
part of potato crop in different phenology stages. 
Plant component Emergence Tuber Start of tuber End of tuber 
initiation fill fill 
Root 20 20 20 10 
Non-root: 80 80 80 90 
Leaf 80 80 20 0 
Stem 20 10 10 0 
Tuber 0 10 70 100 
Crop water uptake 
The actual rate of water extraction is the lesser of the potential extraction rate and the 
transpiration demand. The potential extraction rate is calculated using the approach 
first advocated by Monteith (1986). It is the sum of potential root water uptake from 
each profile layer occupied by roots. If roots are only partially through a layer 
available soil water is scaled to that portion that contains roots. The potential rate of 
extraction in a layer is calculated using a rate constant (kl), which defines the fraction 
of available water able to be extracted per day. Available water is calculated as the 
difference between the current water volume in each layer and the water volume at 
crop wilting point or the lower limit. Following Sinclair (1986) and Monteith (1986), 
transpiration demand is modelled as a function of the current day's crop growth rate, 
divided by the transpiration efficiency. Transpiration efficiency is related to the 
daylight averaged vapour pressure deficit (vpd), estimated using the method 
proposed by Tanner and Sinclair (1983). Whenever the transpiration demand is 
above the potential extraction rate, two water deficit factors (derived from the ratio 
of these two terms) are activated; one to reduce the rate of leaf area expansion and 
the other to reduce RUE. 
Crop nitrogen uptake 
In APSIM, nitrogen is supplied via three processes (Robertson et al. 2002) namely 
'mass flow', active uptake and nitrogen fixation (legumes only). Potential N supply 
from mass flow and active uptake are a function of rooting depth, mineral N and soil 
water content in each soil layer. Crop N demand is determined by the amount of N 
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required to maintain the critical (non-stressed) N concentration in each plant part. 
The model specifies cardinal N concentrations (maximum, critical and minimum 
concentration) for each plant part (leaf, stem and tuber). Each day, N demand is 
calculated as the sum of the demands associated with pre-existing biomass of each 
part required to reach critical N content plus the N required to maintain critical N 
concentration in the current day biomass production. When plant N uptake by mass 
flow, which is the first option for the N movement into the plant system, cannot 
satisfy the N demand then it is supplied by active uptake. If there is insufficient N 
available to achieve the critical N concentrations then process-specific N stress 
factors derived from the N supply to N demand ratios act to reduce the rate of 
photosynthesis (via a reduction in RUE) and leaf expansion and to hasten the time of 
tuber initiation 
Plant responses to soil water and nitrogen were not measured in this project so pre-
existing generic parameter settings are used in APSIM-Potato. Where possible; 
potato-specific cardinal N concentrations have been sourced from available literature. 
Seed tuber physiological age effects on stem and tuber number and tuber 
size 
The physiology studies discussed in Chapter 4 concluded that stem number is 
affected by physiological age and that the response of the seed tuber to this factor is 
modified by temperature and moisture conditions at planting. Existing datasets are 
not adequate enough to develop an operational model to capture these responses. 
Furthermore, there is no reliable way of quantifying the physiological age of seed 
tubers. In spite of this, the findings from the physiology studies have been used to 
develop a conceptual model that captures the interaction between seed age, sowing 
environment and stem number. The functions that underpin this conceptual model 
have been incorporated into APSIM-Potato but have not been operationalised. 
The conceptual model comprises two steps. The first step involves the calculation of 
a potential stem number (PSN) which is the maximum stem number under optimal 
sowing conditions. PSN is derived from an as-yet-unknown relationship with tuber 
seed physiological age (PA). This is shown as a linear relationship in Figure 8.2. The 
second step involves capturing the effect of soil moisture and temperature at sowing. 
The results from this project have shown that stem number increases with soil 
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temperature at sowing and that the extent of that increase varies with PESW (plant 
extractable soil water between crop lower limit and field capacity). In order to 
capture these responses, the conceptual model reduces the PSN via a multiplier (0 to 
1) called the 'stem number index' (SNI). The slope and intercept of the sowing 
temperature X SNI relationship varies with PESW (Figure 8.3.). 
PA 
Figure 8.2. Conceptual relationship between seed tuber physiological age (PA) and 
potential (maximum) stem number (PSN). 
ower limit 
VField capacity 
0 Stem number index 1 
Figure 8.3. Stem number index based on temperature and moisture (plant extractable 
soil water) conditions at planting. 
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Tuber number and size 
Tuber number per plant is estimated from the linear relationship between stem 
number and tuber number, as derived from the plant monitoring activity described in 
Chapter 3 (the CMS dataset, based on 160 crops) and own data from monitoring 
activity described in section 8.2.l in this chapter (Figure 8.4). Average tuber size is 
calculated as total plant biomass production divided by tuber number per plant. 
35 
R2 = 0.46 
30 
.... 
c: 
I'll 25 c.. 
L.. 
Cl> 
c. 20 
L.. 
Cl> 
.c 
E 15 
:J 
c: 
L.. 
Cl> 10 
.c 
:J 
I-
5 
0 -1----- ----
0 2 3 4 5 6 
Stem number per plant 
Figure 8.4. Relationship between stem number per plant and tuber number per plant. 
Data was compiled from plant monitoring activities that took place in the 2003/04, 
2004/05 and 2005/06 growing season as described in Chapter 3. Additional data was 
sourced from own monitoring work in the 2006/07 growing season as described in 
the section 8.2.1 in this chapter. 
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Model calibration 
When constructing a complex, process-based model such as APSIM-Potato, there are 
always parameters that have not been directly measured or for which there is some 
uncertainty in their value. These parameters are adjusted (within sensible limits) 
during an exercise in which the performance of the model is compared against a 
typically small, but reliable calibration dataset. Once there is reasonable agreement 
between the calibration dataset and the model, the model is then tested (without 
subsequent modification) against a larger independent validation dataset, typically 
covering a wider range of growing conditions. This section describes the calibration 
of APSIM-Potato. 
Calibration was limited to Australian growing conditions as a complete high quality 
dataset for Indonesian conditions was not available during the project. A field trip 
was carried out in March 2005 to collect data as a part of the datasets inventory 
activity, either from government bureaus, farmers or from library databases however, 
none of the colleted information meet the requirement for calibration dataset. This 
was partly due to lack of electronic database availability either from industry or 
farmer. 
Description of calibration dataset 
The calibration dataset was obtained from intensive field monitoring of two 
commercial potato paddocks during the 2006/07 season. The paddocks have 
contrasting soil and climate profiles and are situated in northern Tasmania, at Epping 
Forest (41°50'39"S 146°19'05" E) and Latrobe (41°14' 52"S 146°27' 15" E).Both 
paddocks are participants in Simplot's Crop Management System (CMS) as 
described in Chapter 3. Full paddock management and soil details are summarised in 
Table 8.4. 
Destructive plant samples were collected on seven separate occasions during the 
growing period; October 30 2006, November 23 2006, etc. At each sampling, six 
plants along a 2 m length of row (equivalent to I m2) were taken from four randomly 
selected locations across the paddock. The number of main stems and tubers per 
plant were recorded for each sample. The total fresh weight of above-ground biomass 
and tubers was measured. A sub-sample was taken, weighed (fresh) and separated 
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into leaf and stem components. The samples were placed in a drying oven for 48 
hours for determination of partitioned dry weights. Another sub-sample was used for 
the assessment of leaf area index. The laminas were separated from the petioles and 
run through a leaf scanner (EPSON Expression 10000 XL). 
Four replicate sampling areas, each of 1 m2 (6 plants) size were pegged out at the 
commencement of each crop for the purposes of non-destructive monitoring of 
emergence, tuber initiation and crop maturity. Time to emergence was considered to 
have occurred when the first leaf was visible at the soil surface in 50% of plants 
monitored. End of tuber fill was deemed to have occurred when 50% of the plants 
were 50% or more senesced (Kooman and Rabbinge 1996) and the time of tuber 
initiation was interpolated from data collected during the sequential harvests. 
Table 8.4. Key details for selected calibration. 
Soil type 
Nearest weather 
station 
Genotype 
Row spacing (cm) 
Set spacing (cm) 
Planting Date 
Harvest Date 
Irrigation (mm/day) 
Fertiliser: 
Pre planting 
At planting 
Top Dress 
Yield (T/ha) 
Latrobe Epping Forest 
Clay Loam Sandy Loam 
Latrobe Epping Forest 
R. Burbank R. Burbank 
82 86 
33 33 
18-0ct-06 07-Nov-06 
19-Apr-07 16-May-07 
30 / 6 50 / 5 
0 kg/ha N, 70 kg/ha P, 100 kg/ha 0 kg/ha N, 2.4 kg/ha P, 680 kg/ha 
K, 90 kg/ha S K, 2.8 kg/ha S 
180 kg/ha N, 195 kg/ha P, 100 150 kg/ha N, 130 kg/ha P, 
kg/ha K, 75 kg/ha S 
- 14-Dec-06: 50 kg/ha N 
- 26-Dec-06: 26 kg/ha N, 
75 
30 kg/ha P, 
20 kg/ha K 
220 kg/ha K 
- 2-Jan-07: 50 kg/ha N 
- 12-Jan-07: 40 kg/ha N 
- 22- Jan-07: 50 kg/ha N 
50 kg/ha K 
35.2 
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Daily climate data for the model runs was sourced for the nearest weather stations 
from the SILO database (Australian Bureau of Meteorology (BOM) 2007). Monthly 
figures for each growing season and for each site are summarised in Table 8.5. 
Table 8.5. Monthly figures of climate data of monitored paddocks. 
Paddock Month-
Latrobe Oct Nov Dec Jan Feb Mar 
'06 '06 '06 '07 '07 '07 
Monthly rainfall total 
(mm/month) 11 14 25 60 76 33 
Average daily Tmax (°C) 16.0 18.6 20.0 22.2 23.8 21.3 
Average daily Tmin (°C) 6.4 8.4 9.7 13.2 15.2 11.0 
Average daily Radiation 
(MJ/m2) 19.7 21.7 24.3 21.6 21.0 16.8 
Epping Forest Nov Dec Jan Feb Mar Apr 
'06 '06 '07 '07 '07 '07 
Monthly rainfall total 
(mm/month) 21 15 46 34 58 30 
Average daily Tmax (°C) 17.0 20.0 23.l 25.2 27.0 22.5 
Average daily Tmin (°C) 3.8 5.6 7.6 11.1 13.1 8.9 
Average daily Radiation 
(MJ/m2) 20.4 22.0 24.7 22.3 20.9 16.8 
Over the growing season, Epping Forest received ~15 mm less total rainfall than 
Latrobe. Temperatures during the growing season were generally higher in Epping 
Forest than at Latrobe. Radiation did not vary greatly between the two sites. 
Calibration of key parameters 
Phenology 
The model adequately simulated all of the observed development stages (Figure 8.5). 
No adjustments were made to pre-calibration settings. 
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Figure 8.5. Observed(•) and simulated (line) crop development for (a) L::ttrobe and 
(b) Epping Forest. Stages shown are 1: Sow; 3: Emergence; 5: Start tuber fill; 6: 
End tuber fill; 7: Maturity. 
Leaf area index 
Leaf area index was calibrated by adjusting the specific leaf area values and thermal 
time ranges for cohort leaf growth. Cohort leaf areas were not adjusted. Final 
calibration results for the two sites are shown in Figure 8.6. 
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Figun: 8.6. Observed (•) and simulated (line) leaf area index (LAI) results for 
Latrobe (a) and Epping Forest (b). Standard error bars are shown for the observed 
results (N=4). 
Biomass accumulation and partitioning 
Calibration of the model for biomass prediction was conducted by adjusting the 
biomass partitioning coefficients. Prediction of leaf and tuber biomass at both 
locations was adequate and within the standard error bars for observed results 
(Figure 8.7.a and 8.7.c). The model had a slight tendency to over-predict stem 
biomass. Attempts to correct this were unsuccessful (Figure 8.7.b). The sharp 
divergence for stem biomass observed at Latrobe was due to a stem fungal infection 
of Rhizoctonia that occurred late in the crops life. Infection was restricted to the stem 
of the plant only. 
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Figure 8.7. Observed(+) and simulated (line) biomass accumulated and partitioned 
at Latrobe site (left hand side) and Epping Forest (right hand side). Standard error 
bars are shown for the observed results (N=4). 
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Model Validation 
Description of validation dataset 
A total of 48 paddocks were selected from the CMS database described in Chapter 3. 
Paddocks were selected to cover a range of soil, climate and management conditions 
and not to be limited by factors that are not captured in the model (e.g. disease, weed 
competition, insect infestation). Key details for these paddocks are summarised in 
Appendix F. Daily climate files were sourced for the nearest climate station from the 
SILO database (Australian Bureau of Meteorology (BOM) 2007). Representative 
soil characteristics were used in the simulations. Validation was restricted to tuber 
yield by the scope of the CMS database. Tuber DW data was generated from the 
specific gravity (SG) of each crop. 
Validation for tuber yield 
Validations of predicted versus observed tuber yield is shown in Figure 8.8. The 
degree of accuracy in predictions, with the model accounting for 75% of the 
variation in tuber yield, is comparable to other APSIM crop modules (Robertson et al. 
2002; Carberry 1995). 
Validation tuber DW(June 2009_102) 
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Figure 8.8. Validation plot of observed and simulated tuber yield LJ linear 
regression line (--) 1 : 1 line. 
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Discussion: 
The new model adequately predicts tuber yield for cv Russet Burbank across a wide 
range of climate X management X soil combinations in Tasmania. Importantly, the 
validation dataset covers a wide range of growing conditions and yields (~35-85 t/ha 
fresh weight). Nevertheless, given that the model has been developed as a generic 
potato model suitable for use across a wide range of environments, further validation 
in other locations and for other cultivars is needed in the future. The tendency for the 
model to slightly over-predict in lower-yielding paddocks is not surprising as some 
of the factors which reduce yield in the field are not captured in the model (e.g. 
disease, insect damage, weed competition). 
The parameterisation of the component model relating seed physiological age, 
growing environment and stem number requires additional and more comprehensive 
datasets and the development of a reliable index for estimating physiological age. 
Other processes requiring attention include the impact of daylength and nitrogen 
supply on the commencement of tuber initiation (Ewing and Struik 1992). 
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Chapter 9 General discussion 
Computer simulation models can advantage the potato industry by providing a means to 
help in decision making, especially in key agronomic issues. The capacity to simulate 
effects of crop management practices and environmental conditions on one of the most 
important crop quality attributes, the yield of tubers within a size range specified by the 
target market, has been lacking in previously developed models. Tuber number per plant 
is related to stem density in a crop (Struik et al. 1990), and an understanding of the 
factors that affect stem number is therefore important for the development of a model to 
simulate the tuber quality. A major finding of this project was that the interaction 
between seed tuber physiological age, which until now has been considered the key 
driver of stem number, and soil water potential and temperature at planting had a 
significant effect on stem number. This thesis provides results from studies at tissue 
(tuber eye) level, tuber level and whole plant system, and presents a mechanistic model 
incorporating, at the conceptual level, the capacity to predict stem number as a basis for 
simulation of tuber size range. 
Seed tuber physiological age is known to affect many processes of crop growth such as 
early vigour of the plant (Krijthe 1962), time to emergence (O'Brien et al. 1983; Firman 
et al. 1992), stem number per plant and hence tuber size distribution (Struik and 
Wiersema 1999), and canopy growth and duration (Knowles and Botar 1991). Despite 
these reported effects, the physiological age of the seed tuber has rarely been taken into 
account in the existing potato models. The existing potato crop models and decision 
support systems that do simulate tuber quality (MacKerron et al. 2004; Knowles et al. 
2003) do not take into account the combined effects of seed tuber physiological age and 
planting environment on stem number. The current study showed that, based on 
evidence of an the interaction between seed tuber physiological age and planting 
environment affecting stem number, failure to take into account the soil temperature and 
moisture at planting in these models would not allow accurate prediction of stem number. 
Findings in this current study contribute a new consideration to the conventional 
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physiological age concept that not only seed tuber physiological status but its interaction 
with the planting environment determines the stem number. 
At the whole plant level, differences in stem number per plant may alter inter- and intra-
crop interactions such as shading which is known to have an effect on the senescence of 
the leaves. Physiologically older tubers tend to have more stems per plant and more 
branches on the main stems, and this may result in greater shading of the leaves on the 
lower nodes. Strong shading is known to reduce leaf longevity (Kooman and Haverkort 
1995) therefore earlier senescence can be found in crops established from 
physiologically older tuber (Asiedu 2003). This indicates that stem density is not only 
important in determination of tuber size distribution but also crop yield, and inclusion of 
stem number prediction in a crop growth model or decision support system is an 
advancement to the current knowledge status of crop growth model. 
In order to produce tubers in a target size range, a grower can manipulate the planting 
density by adjusting seed rate (number of seed tuber per unit area planted). A higher 
seed rate is usually used in seed crop production to ensure production of small sized 
tubers which are desired in seed tuber production. In contrast, lower seed rate is used for 
production of tubers for processing. Optimum seed rate is determined by the number of 
stems expected per seed tuber, the optimum stem density required for the target crop and 
expected yield (Firman and Allen, 2007). Firman et al. (2004, cited in Firman and Allen 
2007) suggested a quantification of the number of stems based on seed tuber 
physiological age. However, evidence of a planting environment effect on the major 
seed tuber performance characteristics, sprout number and sprouting capacity, suggests a 
more complex method of predicting stem number is required. 
Exclusion of the effect of seed tuber physiological age on stem number in the existing 
potato models is partly due to lack of reliable seed tuber aging indicator. Many studies 
have been focused on identifying an indicator of seed tuber physiological aging (Krijthe 
1962; O'Brien and Allen 1978; van Ittersum et al. 1990; O'Brien et al. 1983; Caldiz 
2001; Knowles et al. 2003) and several biochemical and physical alternative indicators 
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have been proposed (reviewed by Coleman 2000). However, none of these can 
sufficiently explain the changes of stem number with physiological aging of the seed 
tubers. This could be partly due to the planting environment effect. Sprout number and 
vigour changes with temperature and moisture therefore any indicator of seed tuber 
physiological age may not reflect the possibility of changes in the growth potential of 
eye buds when planting in the field. 
Sprouting tests associated with physiological age studies are generally carried out under 
optimal temperature and moisture conditions (Krijthe 1962; Goodwin l 967b; Wiersema 
1985), whereas field temperature and moisture conditions may fluctuate over a broad 
range. Interaction between seed tuber physiological age and planting environment may 
explain the difference between results obtained in controlled environments and in the 
field (Hay and Hampson 1991) and seasonal variations in stem number production (van 
Loon 1987; Roy and Jaiswal 1997; Johansen 2006). Variation in stem number occurs 
between sites, and from year to year (Chapter 3) supporting the conclusion that planting 
environment plays a significant role in the regulation of sprouting and stem number 
production. 
After dormancy is broken, sprout growth increases linearly with temperature up to an 
optimum level of 20-25 °C (Krijthe 1962; Sale 1979; ·Klemke and Moll 1990), then 
decreases with higher temperatures. Delays in plant emergence and low vigour 
following early planting in temperate region have been associated with cold soil 
temperature (Reust et al. 2001) which also was shown studying the experiments reported 
in Chapter 6 where temperature was found to be the key driver of sprout growth for the 
pre-emergent phases. While the effect of temperature on sprout vigour is documented, 
sprout number has rarely been associated with changes in temperature. 
In contrast to temperature, the effect of moisture on sprouting has not been given much 
attention. A number of studies where soil water potential treatments have been imposed 
after emergence have reported stem number (MacKerron and Jeffries 1986; Jeffries and 
MacKerron 1993), but have not involved imposing different moisture condition 
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treatments at planting. Stem number did not change significantly in these studies, 
however it is likely that stem number was established before the water stress treatments 
were imposed. The current study extends these previous findings, and demonstrates that 
sprouting can be affected by soil moisture conditions, with greater water deficit during 
planting decreasing the number of stems per plant. In addition, early plant vigour can be 
influenced by moisture at planting, a conclusion supported by the findings of Huer and 
Nadler (1995) that decreased stem fresh weight was caused by the soil water stress at 
early stage. 
As a tuber is a modified stem, the plant-water response noted for sprouts after planting 
may resemble the effect of water deficit to leaf growth and expansion. Vos and 
Haverkort (2007) noted that permanent wilting point or lower limit (LL) was different 
between crops at early (young crop) and later (older crop) developmental stages. Older 
crop had a higher (-1.0 MPa) threshold than younger crops (-0.6 MPa), meaning that 
younger crop were more susceptible to water deficit. This may also be the case with seed 
tubers. Seed tubers that were not aged displayed a significant change in sprout number 
and vigour when water potential was reduced from -0.0lMPa to -0.6 MPa, while 
physiologically older tubers were only slightly affected. This may explain the difference 
associated with tuber age in the magnitude of the response of the seed tubers to 
temperature and moisture treatments, with tubers not exposed to aging treatments more 
affected than physiologically older tubers. 
Sprouting pattern is thought to be regulated by a correlative effect of bigger sprouts, 
usually at the apical region of the seed tuber, inhibiting small ones (Goodwin, 1967b; 
Hay and Hampson, 1991). In this study, it was found that sprout number increased with 
temperature, but the presence of big sprouts appeared to inhibit other sprouts which in 
tum may have affected the final number of stems produced. This supports the conclusion 
that sprout development prior to planting is important in stem number determination, as 
proposed by O'Brien et al. (1983). In addition, the planting conditions such as 
temperature and water availability can modify the interaction between eye buds. While 
sprout size at planting may be considered part of the tuber aging process, it has not been 
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considered as a quantifiable component of physiological age indicators but should be 
included in the assessment of tuber physiological status for more accurate prediction of 
stem number. 
The capacity to predict stem number was considered a three-way function of seed tuber 
physiological status, temperature and moisture conditions at planting. This function was 
built in APSIM-Potato, the new model that also covers more comprehensive simulation 
of plant canopy development which is important in determining the area effective for 
radiation interception. The model takes into account leaf growth components, canopy 
architecture and stem density in determining the leaf area index. The new model is 
integrated in a bigger frame work which means provides a tool to simulate a broader 
human-plant-animal system. 
Unfortunately comprehensive data for calibrating the relationship between seed tuber 
physiological age and planting environment in the model was not available to be 
generated in the project, therefore the conceptual function in the model is yet to be 
applicable. In addition lack of indicator for seed tuber physiological aging warrants 
future study. Success in the quantification of seed tuber physiological age along with 
calibration_ of the functionality will allow the mo,fol to he 11ble to preclic.t stem number, 
hence, simulate the production of tuber in marketable size required by the industry based 
on stem density. At current the model was validated against data only for yield and not 
the tuber size range due to unavailability of dataset. More calibration and validation 
needs to be undertaken prior the model can be used to predict tuber size distribution. 
Nevertheless, the availability of the potato model in the APSIM framework provides the 
possibility for the simulation of some key issues in the Australian and Indonesian 
production systems. Some agronomic application issues proposed for simulation of 
marketable tubers of potato are nitrogen and irrigation management. Simulation of 
cropping pattern in Australia and Indonesia, with potato as one rotation crop in the 
cropping pattern, would permit identification of the best-bet scenario of cropping pattern. 
Risk analysis of planting potato following a continuous crop or pasture system, through 
the simulation of the effect of the cropping system on the soil conditions (nutrients, 
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structure and availability of moisture), would be possible. The current study provides 
results which cover two key cultivars Russet Burbank and Atlantic used in Australian 
and Indonesian conditions, respectively. This will enable the key functions of crop 
growth to be calibrated and parameterised under Indonesian conditions, a target region 
in a broader program linked to this project, for the specific cultivar. 
Re-evaluation of the relation between stem number and seed tuber physiological ages is 
recommended in order to take into account the effect of fluctuating soil temperature and 
moisture conditions in the field. While the current study showed evidence of the 
relati~ship between seed tuber physiological age and planting environment, a broader 
range of seed tuber physiological ages needs to be assessed. The study did not cover 
response from young seed tubers and the aging treatment (15 °C in the dark) used in this 
study also resulted in seed tubers with advanced sprout development prior to planting. 
The existence of a few big sprouts before the temperature and water potential treatments 
were imposed limits the interpretation of results, as noted by Haverkort et al. (1990b ). 
Furthermore, sprouts may have been knocked off during handling or at planting which 
may have acted to break tuber apical dominance. 
In addition, study of the response of seed tubers to different moisture conditions within 
the range assessed in this study is also recommended as only two moisture conditions 
were used in the current study. Results presented in this thesis were also restricted to 
comparing tubers in a similar size range as tuber size can influence the number of eyes, 
hence sprout number, and vigour. Further research utilising a range of seed tuber sizes, 
as well as a greater spectrum of seed tuber physiological age and planting environment 
treatments, is required to provide not only the data for APSIM-Potato model validation 
but also knowledge of the physiological basis of tuber sprouting pattern. 
164 
References 
References: 
ABS. 2006, Agricultural commodities Australia 2004-05, In. Australian Bureau of 
Statistics, 7121.0, pp. 36 
Adiyoga, W., R. Suherman, A. Asgar and lrfansyah 1999, The potato system in West 
Java, Indonesia: Production, marketing, processing and consumer preferences for 
potato products, International Potato Center, Lima, Peru. 
AgriSource. 2004, Indonesian product brief snack foods 2004, In. USDA Foreign 
Agricultural Service, Global Agriculture Information Network, ID4015. 
Allen, E. J., P. J. O'Brien and D. M. Firman 1992, Seed tuber production management 
In The potato crop the scientific basis for improvement (Ed, Harris, P. M.) Chapman & 
Hall, London, pp. 24 7-291. 
Allen, E. J. and P. J. O' Brien 1986, The practical significance of accumulated day-
degrees as a measure of physiological age of seed potato-tubers, Field Crops Research, 
14, 141-151. 
Allen, E. J. and R. K. Scott 2001, BPC research review potato agronomy the agronomy 
of effective potato production, British Potato Council. 
Almekinders, C. J.M. and P. C. Struik 1996, Shoot development and flowering in potato 
(Solanum tuberosum L.), Potato Research, 39, 581-607. 
Alvarado, V. and K. J. Bradford 2002, A hydrothermal time model explains the cardinal 
temperature for seed germination, Plant,Cell and Environment, 25, 1061-1069. 
Asiedu, S. K., T. Astatkie and E. K. Yiridoe 2003, The effect of seed-tuber physiological 
age and cultivar on early potato production, Journal of Agronomy & Crop Science, 189, 
176-184. 
166 
References 
Asseng, S., I. R. P. Fillery, G. C. Anderson, D. P.J., F. X. Dunin and B. A. Keating 1998, 
Use of the APSIM-wheat model to predict yield, drainage and N0-3 leaching for a deep 
sand, Australia Journal of Agricultural Research, 49, 363-378. 
Asseng, S., van Keulen H and W. Stol 2000, Performance and application of the APSIM 
NWheat model in Netherlands, European Journal of Agronomy, 12, 37-54. 
Australian Bureau of Meteorology 2007, Climate databases, viewed 3 August 2007, 
<http://www.bom.gov.au/silo>. 
Australian Bureau of Meteorology 2008, Climate databases, viewed 5 March 2008, 
<http://www.bom.gov.au/silo>. 
AUSVEG 2006, Australian processing potato industry strategic plan 2006-2011, viewed 
1 January 2008, 
<http://www.ausveg.com.au/assets/contentitems/public/5453/ProcessedPotatolndustrySt 
rategicPlan27112006.pdf>. 
AUSVEG 2007, Vegetable spotlight - potatoes, viewed 15 November 2007, 
<http://ausveg.com.au/assets/contentitems/public/1557/Potato-Commodity-Report-
(edit).pdf>. 
Barlow, F. 1988, Temperature and the cell cycle, Symp Soc Exp Biol., 42, 181-201. 
Basu, P. S., S. Brajesh and J. S. Minhas 2002, Nitrogen nutrition in potato: Effect on 
photosynthesis and carbon partitioning In Potato, global research & development. 
Proceedings of the global conference on potato, New Delhi, India, 6-11 December, 1999: 
Volume 2 Indian Potato Association, Shimla India, pp. 857-860. 
Belehu, T. and P. S. Hammes 2004, Effect of temperature, soil moisture content and 
type of cutting on establishment of sweet potato cuttings, South African Journal of Plant 
and Soil, 21, 85-89. 
167 
References 
Benoit, G. R., C. D. Stanley, W. J. Grant and D. B. Torrey 1983, Potato top growth as 
influenced by temperatures, American Potato Journal, 60, 489-501. 
Bergervoet, J. H. W., H. Jing, J. W. E. van den Hout, R. D. de Castro, B. P. A. M. 
Kunneman, R. J. Bina and S. P. C. Groot 1999, Expression of beta-tubulin during 
dormancy induction and release in apical and axillary buds of five wood species, 
Physiologia Plantarum, 106, 238-245. 
Beukema, H. P. and D. E. Van der Zaag 1979, Potato improvement some factors and 
facts, International Agricultural Centre, Wageningen. 
Bhagsari, A. S., R. Webb, S. C. Phatak and C. A. Jaworski 2004, Canopy photosynthesis, 
stomata! conductance and yield of Solanum tuberosum grown in a warm climate, viewed 
10 November 2004, 
<http://www.ag.fvsu.edu/html/publications/plantscience/bhagsari2.htm>. 
Biemelt, S., M. R. Hajirezaei, E. Hentschel and U. Sonnewald 2000, Comparative 
analysis of abscisic acid content and starch degradation during storage of tubers 
harvested from different potato varieties, Potato Research, 43, 371-382. 
Biemond, H. and J. Vos 1992, Effects of nitrogen on the development and growth of 
potato plant. 2. The partitioning of dry matter, nitrogen and nitrate, Annals of Botany, 70, 
37-45. 
Bodlaender, K. B. A. and J. Marin us 1987, Effect of physiological age on growth vigor 
of seed potatoes of two cultivars .3. Effect on plant-growth under controlled conditions, 
Potato Research, 30, 423-440. 
Bohl, W. H., P. Nolte, G. E. Kleinkopf and M. K. Thornton 1995, Potato seed 
management: Seed size and age, CIS 1031, 4 pp. 
Bouman, B. A. M., D. Uenk and A. J. Haverkort 1992, The estimation of ground cover 
of potato by reflectance measurements, Potato Research, 35, 111-125. 
168 
References 
Bowen, W., H. Cabrera, V. Barrera and G. Baigorria 1999, Simulating the response of 
potato to applied nitrogen In Impact on a changing world. International potato center 
program report 1997-1998. 
Bowen, W. T., S. S. Lal and P. M. Govindakrishnan 2002, Simulation of potato-based 
cropping systems In Potato, global research & development. Proceedings of the global 
conference on potato, new delhi, india, 6-11 december, 1999: Volume 2Indian Potato 
Association, Shimla India, pp 776-787. 
Boyer, J. S. 1983, Subcellular mechanisms of plant response to low water potential, 
Agricultural Water Management, 7, 239-248. 
BPS 2007, Harvest area, production and yield of potatoes in indonesia 2000-2006, 
viewed 3 November 2007, <http://www.bps.go.id/sector/agri/horti/tables.shtml>. 
Brown, P. H., B. Beattie and R. Laurence 2003, Intergenerational effects on seed potato 
physiological ageing, Act a Horticulturae, 619, 241-249. 
Burton, W. G., A. van Es and K. J. Hartmans 1992, The physics and physiology of 
storage In The potato crop the scientific basis for improvement (Ed, Harris, P. M.) 
Chapman & Hall, London, pp. 608-727. 
Bussan, A. J., P. D. Mitchell, M. E. Copas and M. J. Drilias 2007, Evaluation of the 
effect of density on potato yield and tuber size distribution, Crop Sci, 47, 2462-2472. 
Caldiz, D. 0. 1991, Influence of origin and storage-system on physiological age, crop 
growth and tuber yield of seed potato (Solanum tuberosum ), Indian Journal of 
Agricultural Sciences, 61, 1-6. 
Caldiz, D. 0., J. R. Alaniz and F. K. Claver 1986, Relations between physiological age 
and total and reductive sugar content in seed potato-tubers (Solanum tuberosum L. ), 
Turrialba, 36, 315-320. 
169 
References 
Caldiz, D. 0., G. Brocchi, J. Alaniz and C. Marchan 1996, Effects of the physiological 
age of seed potatoes on tuber initiation and starch and dry matter accumulation, 
Pesquisa Agropecuaria Brasileira, 31, 853-858. 
Caldiz, D. 0., A. Clua, J. Beltrano and S. D. Tenenbaum 1998, Ground cover, 
photosynthetic rate and tuber yield of potato (Solanum tuberosum L.) crops from seed 
tubers with different physiological age modified by foliar applications of plant growth 
regulators, Potato Research, 41, 175-185. 
Caldiz, D. 0., L. V. Fernandez and P. C. Struik 2001, Physiological age index: A new, 
simple and reliable index to assess the physiological age of seed potato tubers based on 
haulm killing date and length of the incubation period, Field crops research, 69, 69-79. 
Caldiz, D. 0., F. J. Gaspari, A. Moreno Kiernan and P. C. Struik 2002, Agro-ecological 
zoning at the regional level: Spatio-temporal variation in potential yield of the potato 
crop in the Argentinean Patagonia, Agriculture, Ecosystems & Environment, 88, 3-10. 
Caldiz, D. 0. and P. C. Struik 1999, Survey of potato production and possible yield 
constraints in Argentina, Potato Research, 42, 51-71. 
Campbell, M. A., J. Suttle and T. W. Sell 1996, Changes in cell cycle status and 
expression of p34cdcZ kinase during potato tuber meristem dormancy, Physiologia 
Plantarum, 98, 743-752. 
Carberry, P. S., R. C. Muchow, R. Williams, J. D. Sturtz and R. L. McCown 1992, A 
simulation model of Kenaf for assisting fiber industry planning in Northern Australia: I. 
General introduction and phenological model, Australia Journal of Agricultural 
Research, 43, 1501-1513. 
Celis-Gamboa, B. C. 2002, The life cycle of the potato (Solanum tuberosum L.): From 
crop physiology to genetics, viewed 30 May 2006, 
<http://library.wur.nl/wda/abstracts/ab3245.html>. 
170 
References 
Celis-Gamboa, C., P. C. Struik, E. Jacobsen and R. G. F. Visser 2003a, Sprouting of 
seed tubers during cold storage and its influence on tuber formation, flowering and the 
duration of the life cycle in a diploid population of potato, Potato Research, 46, 9-25. 
Celis-Gamboa, C., P. C. Struik, E. Jacobsen and R. G. F. Visser 2003b, Temporal 
dynamics of tuber formation and related processes in a crossing population of potato 
(Solanum tuberosum), Annals of Applied Biology, 143, 175-186. 
Cepl, J. and P. Kasal 2001, Effects of various ways of pre-plant soil preparation on 
potato tuber yields and soil physical properties and soil temperature, Rostlinna Vyroba, 
47, 475-481. 
Charles-Edwards, D. A., D. Doley and G. M. Rimmington 1986, Modelling plant growth 
and development, Academic Press, Australia. 
Cheero-Nayamuth, F. C., M. J. Robertson, M. K. Weneger and A. R. H. Nayamuth 2000, 
Using a simulation model to assess potential and attainable sugar cane yield in Mauritius, 
Field Crops Research, 66, 225-243. 
Chen, C. T. and T. L. Setter 2003, Response of potato tuber cell division and growth to 
shade and elevated co2, Annals of Botany, 91, 373-381. 
Christ, P. 1986, The influence of within row spacing and physiological age on yield of 
potato with special reference to stem number, Potato Research, 29, 260-260. 
Christiansen, J., H. Pedersen and C. Feder. 2006, Variations in physiological age among 
seed potato lots, In. NJF-Seminar 386. Potato seed: Physiological age, disease and 
variety testing in the Nordic countries, Nordic Association of Agricultural Scientiests 
(NJF), Sigtune, Sweden, Vol. 2 No. 1, pp. 6-9. 
Claassens, M. M. and D. Vreuggdenhil 2000, Is dormancy breaking of potato tubers the 
reverse of tuber initiation, Potato Research, 43, 347-369. 
171 
References 
Claassens, M. M. J. 2002, Carbohydrate metabolism during potato tuber dormancy and 
sprouting, viewed 11 October 2005, <http://library.wur.nl/wda/abstracts/ab3268.html>. 
Clowes, F. A. L. and M. M. MacDonald 1987, Cell cycling and the fate of potato buds, 
Annals of Botany, 59, 141-148. 
Coffey, W. L. P., R. J. Gordon and M.A. Dixon 1997, Patterns of stem water potential 
in field grown potatoes using stem psychrometers, Potato Research, 40, 35-46. 
Coleman, W. K. 1986, Water relations of the potato (Solanum tuberosum L.) cultivars 
Raritan and Shepody, American Potato Journal, 63, 263-276. 
Coleman, W. K. 1998, Carbon dioxide, oxygen an ethylene effects on potato tuber 
dormancy release and sprout growth, Annals of Botany, 82, 21-2 7. 
Coleman, W. K. 2000, Physiological ageing of potato tubers: A review, Annals of 
Applied Biology, 137, 189-199. 
Crosnier, J.C. 1982, Sprouted or unsprouted tubers, Pomme de Terre Francaise. 
Cutter, E. G. 1992, Structure and development of potato plant In The potato crop the 
scientific basis for improvement (Ed, Harris, P. M.) Chapman & Hall, London, pp. 65-
161. 
Day, W. 2001, Modelling crop physiology for integrated decision making, Annals of 
Applied Biology, 138, 215-219. 
De Oliveira Aguiar Netto, A., J. D. Rodrigues and S. Z. De Pinho 2000, Growth analysis 
in the potato crop under different irrigation levels, Analise de crescimento na cultura da 
batata submetida a diferentes laminas de irrigacao Pesquisa Agropecuaria Brasileira, 
35, 901-907. 
de Wit, C. T. 1965, Photosynthesis of leaf canopies, In. Agricultural Research Report, 
No. 663, Pudoc, Wageningen, the Netherlands. 
172 
References 
Demagante, A. L. and P. v. Zaag 1988, The response of potato (Solanum spp.) to 
photoperiod and light intensity under high temperatures, Potato Research, 31, 73-83. 
Devaux, A. and J. Munyawera Formation and trials in farmers' fields on potato In 
Developpement de la culture de la pomme de terreinstitut des Sciences Agronomiques 
du Rwanda, Ruhengeri Rwanda. 
Devitt, M. L. and J. P. Stafstrom 1995, Cell cycle regulation during growth-dormancy 
cycles in pea axillary buds, Plant molecular biology, 29, 255-265. 
DeWeerd, J. W., L. K. Hiller and R. E. Thornton 1995, Electrolyte leakage of aging 
potato tubers and its relationship with sprouting capacity, Potato Research, 38, 257-270. 
Dimalla, G. G. and J. van Staden 1977, Apical dominance and utilization of 
carbohydrates during storage of potato tubers, Annals of Botany, 41, 387-391. 
Dimyati, A. 2002, Research priorities for potato in indonesia In CIP-Indon'esia Research 
Review Workshop (Ed, Fuglie, K. 0.) International Potato Center, Bogor, Indonesia, pp. 
15-19. 
DPIW 2008, Industry profile - potatoes, viewed 3 February 2008, 
<http://www.dpiw.tas.gov.au/intcrtcxt.nsf/WcbPagcs/EGIL-5J36SF?opcn>. 
Duncan, D. A. and E. E. Ewing 1984, Initial anatomical changes associated with tuber 
formation on single-node potato (Solanum tuberosum L.) cuttings, Annals of Botany, 53, 
607-610. 
Duncan, W. G., R. S. Loomis, W. A. Williams and R. Hanau 1967, A model for 
simulating photosynthesis in plant communities, Hilgardia, 38, 181-205. 
Dwelle, R. B. 2003, Potato growth and development In Potato production systems (Eds, 
Stark, J.C. and S. L. Love) University ofldaho Extension, USA, pp. 9-19. 
173 
References 
Dwelle, R. B. and S. L. Love 2005, Potato growth and development In Potato 
production systems (Eds, Stark, J. C. and S. L. Love) University of Idaho Extension, 
Idaho. 
Epstein, E. and W. J. Grant 1973, Water stress relations of the potato plant under field 
conditions, Agronomy Journal, 65, 400-404. 
Ewing, E. E. and K. P. Sadlan 1995, Biomass partitioning in the potato: Consideration 
for modelling In Modelling and paramerization of the soil-plant-atmosphere system a 
comparison of potato growth models(Eds, Kabat, P., B. Marshall, B. J. van den Broek, J. 
Vos andH. van Keulen) Wageningen Pers, Wageningen, pp. 7-20. 
Ewing, E. E. and P. C. Struik 1992, Tuber formation in potato: Induction, initiation, and 
growth, Hort Rev, 14, 89-197. 
Ezekiel, R. 1997, Effect of environmental and cultural factors during growth of seed 
potato (Solanum tuberosum) crop on subsequent performance of progeny tubers as seed, 
Indian Journal of Agricultural Science, 67, 308-311. 
Ezekiel, R. 2004, Effect of physiological age of potato seed tubers on sprout and plant 
growth characteristics, Journal of the Indian Potato Association, 31, 77-80. 
Ezekiel, R. and B. Singh 2000, Effect of tuber size, storage temperature and storage 
duration on sprout growth in seed potatoes (Solanum tuberosum), Indian Journal of 
Agricultural Sciences, 70, 287-291. 
Fahem, M. and A. J. Haverkort 1988, Comparison of the growth of potato crops grown 
in autumn and spring in north africa, Potato Research, 31, 557-568. 
Faivre-Rampant, 0., L. Cardle, D. Marshall, R. Viola and M. A. Taylor 2004, Changes 
in gene expression during meristem activation processes in Solanum tuberosum with a 
focus on the regulation of an auxin response factor gene, Journal of Experimental 
Botany, 55, 613-622. 
174 
References 
FAO 2007, International year of the potato 2008: Potato world, viewed 15 November 
2007, <http://www.potato2008.org/en/world/index.html>. 
Farre, I., M. van Oijen, P.A. Leffelaar and J.M. Faci 2000, Analysis of maize growth 
for different irrigation strategies in northeastern Spain, European Journal of Agronomy, 
12, 225-238. 
Farre, I., M. J. Robertson, G. H. Walton and S. Asseng 2002, Simulating phenology and 
yield response of canola to sowing date in Western Australia using APSIM model, 
Australia Journal of Agricultural Research, 53, 1155-1164. 
Fernie, A. R. and L. Willmitzer 2001, Molecular and biochemical triggers of potato 
tuber development, Plant Physiology, 127, 1459-1465. 
Ferraris, R. 1992, Seedbed factors affecting establishment of summer crops in a vertisol, 
Soil & Tillage Research, 23, 1-25. 
Ferreira, T. C. and M. K. V. Carr 2002, Responses of potatoes (Solanum tuberosum L.) 
to irrigation and nitrogen in a hot, dry climate I. Water use, Field Crops Research, 78, 
51-64. 
Firman, D. M. and E. J. Allen 2007, Agronomic practices In Potato biology and 
biotechnology advances and perpective (Eds, Vreugdenhil, D., J. Bradshaw, C. Gebhardt, 
F. Govers, D. K. L. MacKerron, M.A. Taylor andH. A. Ross) Elsevier, Amsterdam, pp. 
719-738. 
Firman, D. M., P. J. O'Brien and E. J. Allen 1995, Appearance and growth of individual 
leaves in the canopies of several potato cultivars, Journal of Agricultural Science, 125, 
379-394. 
Firman, D. M., P. J. O'Brien and E. J. Allen 1992, Predicting the emergence of potato 
sprouts, Journal of Agricultural Science, 118, 55-61. 
175 
References 
Firman, D. M., P. J. 0' Brien and E. J. Allen 1991, Leaf and flower initiation in potato 
(Solanum tuberosum) sprouts and stems in relation to number of nodes and tuber 
initiation, Journal of Agricultural Science, 117, 61-74. 
Fleisher, D. H. and D. Timlin 2006, Modeling expansion of individual leaves in the 
potato canopy, Agricultural and Forest Meteorology, 139, 84-93. 
Frydecka-Mazurczyk, A. and K. Zgorska 1993a, Biochemical markers indicating the 
physiological age of potato tubers, Biuletyn Instytutu Ziemniaka. 
Frydecka-Mazurczyk, A. and K. Zgorska 1993b, Effect of the intensity of the processes 
occurring in potato tubers during the storage period on crop productivity, Biuletyn 
Instytutu Ziemniaka. 
Fuglie, K. 0. 2003, Introduction In CIP-Indonesia Research Review Workshop (Ed, 
Fuglie, K. 0.) International Potato Center (CIP) Bogor Indonesia, Bogor, Indonesia, pp. 
Vl-lX. 
Fulton, A. L. A. and R. J. Vlark 1996, Farmer decision making under contract farming in 
northern Tasmania In Globalization and agri-food restructuring: Perspectives from the 
Australasia region, Avebury, Aldershot UK. 
Gardner, F. P., R. B. Pearce and R. L. Mitchell 1985, Physiology of crop plants, Iowa 
State University Press. 
Gayler, S., E. Wang, E. Priesack, T. Schaaf and F.-X. Maidl 2002, Modeling biomass 
growth, n-uptake and phenological development of potato crop, Geoderma, 105, 367-
383. 
Geigenberger, P. 2003, Regulation of sucrose to starch conversion in growing potato 
tubers, Journal of Experimental Botany, 54, 457-465. 
176 
References 
Ghosh, S. C., K. Asanuma, A. Kusutani and M. Toyota 2000, Leaf gas exchange 
properties of potato under different temperature and soil moisture at different growth 
stages, Environment Control in Biology, 38, 229-239. 
Gillison, T. C., P. D. Jenkins and J. D. Hayes 1987, Some factors affecting the 
expression of the physiological age of potato seed tubers, Journal of Agricultural 
Science, 108, 437-451. 
Goodwin, P. B. 1967a, The control of branch growth on potato tubers I. Anatomy of 
buds in relation to dormancy and correlative inhibition, Journal of Experimental Botany, 
18, 79-86. 
Goodwin, P. B. 1967b, The control of branch growth on potato tubers II. The pattern of 
sprout growth, Journal of Experimental Botany, 18, 87-99. 
Gregoriou, S. 2000, The effect of within-row spacing on yield and tuber size distribution 
of the potato variety cara In Technical bulletin - Cyprus agricultural research institute. 
Grice, M. S. 1988, Physiological ages of seed potatoes. Master thesis, University of 
Tasmania 
Gunawan, M. 1997, Market prospect for upland crops in Indonesia, In. Working Paper, 
The CGPRT Centre, 25. 
Hackett, C., P. J. Sands and H. A. Nix 1979a, A model of the development and bulking 
of potatoes (Solanum tuberosum L.). 2. Prediction of district commercial yields, Field 
Crops Research, 2, 333-347. 
Hackett, C., P. J. Sands and H. A. Nix 1979b, A model of the development and bulking 
of potatoes (Solanum tuberosum L.). 3. Some implications for potato production and 
research, Field Crops Research, 2, 349-364. 
177 
References 
Hajirezaei, M. R., F. Bornke, M. Peisker, Y. Takahata, J. Lerchl, A. Kirakosyan and U. 
Sonnewald 2003, Decreased sucrose content triggers starch breakdown and respiration 
in stored potato tubers (Solanum tuberosum ), Journal of Experimental Botany, 54, 4 77-
488. 
Hartmans, K. J. and C. D. Vanloon 1987, Effect of physiological age on growth vigor of 
seed potatoes of two cultivars .1. Influence of storage period and temperature on 
sprouting characteristics, Potato Research, 30, 397-410. 
Harzt, T. K. and F. D. Moore 1978, Prediction of potato yield using temperature and 
insolation data, American Potato Journal, 55, 431-436. 
Haverkort, A. J. 1988, The tuber size distribution of potatoes. A review In Verslagen, 
centrum voor agrobiologisch onderzoek, wageningen. 
Haverkort, A. J. 1990, Ecology of potato cropping systems in relation to latitude and 
altitude, Agricultural Systems, 32, 251-272. 
Haverkort, A. J. 2002, Crop modelling in potato: Current scenario and future strategies 
In Potato, global research & development. Proceedings of the global conference on 
potato, New Delhi, India, 6-11 december, 1999: Volume 2, Indian Potato Association, 
Shimla India, pp. 796-798. 
Haverkort, A. J. and R. J. F. van Haren 1998, The application of modelling in the potato 
production chain, Acta Horticulturae, 476, 13-20. 
Haverkort, A. J. and P. M. Harris 1986, Conversion coefficients between intercepted 
solar radiation and tuber yields of potato crops under tropical highland conditions, 
Potato Research, 29, 529-533. 
Haverkort, A. J. and P. M. Harris 1987, A model for potato growth and yield under 
tropical highland conditions, Agricultural and Forest Meteorology, 39, 271-282. 
178 
References 
Haverkort, A. J. and P. L. Kooman 1997, The use of systems analysis and modelling of 
growth and development in potato ideotyping under conditions affecting yields, 
Euphytica, 94, 191-200. 
Haverkort, A. J., D. Uenk, H. Veroude and M. van de Waart 1991, Relationships 
between ground cover, intercepted solar radiation, leaf area index and infrared 
reflectance of potato crops, Potato Research, 34, 113-121. 
Haverkort, A. J., M. van de Waart and K. B. A. Bodlaender 1990a, Interrelationships of 
the number of initial sprouts, stems, stolons and tubers per potato plant, Potato Research, 
33, 269-274. 
Hay, R. K. M. and J. Hampson 1991, Sprout and stem development from potato-tubers 
of differing physiological age - the role of apical dominance, Field Crops Research, 27, 
1-16. 
Heuer, B. and A. Nadler 1995, Growth and development of potatoes under salinity and 
water deficit, Australia Journal of Agricultural Research, 46, 1477-86. 
Heuer, B. and A. Nadler 1998, Physiological response of potato plants to soil salinity 
and water deficit, Plant Science, 137, 43-51. 
Hide, G. A., S. J. Welham, P. J. Read and A. E. Ainsley 1997, Effects of planting 
mixtures of different sizes of potato seed tubers on the yield and size of tubers, Journal 
of Agricultural Science, 128, 173-180. 
Hijmans, R. J., B. Condori, R. Carrillo and M. J. Kropff 2003, A quantitative and 
constraint-specific method to assess the potential impact of new agricultural technology: 
The case of frost resistant potato for the Altiplano (Peru and Bolivia), Agricultural 
Systems, 76, 895-911. 
Hopkins, W. G. and N. P.A. Huner 2004, Introduction to plant physiology, 3rd ed., John 
Wiley and Sons, Inc., USA. 
179 
References 
Home, P., R. de Boer and D. Crawford 2002, Insects and disease of australian potato 
crops, Melbourne University Press, Melbourne. 
Horvath, D. P., J. V. Anderson, W. S. Chao and M. E. Foley 2003, Knowing when to 
grow: Signals regulating bud dormancy, TRENDS in Plant Science, 8, 534-540. 
Hutchinson, R. W. 1978, The dormancy of seed potatoes. 1. The effect of time of haulm 
destruction and harvesting, Potato Research, 21, 257-265. 
Ingram, K. T. and D. E. McCloud 1984, Simulation of potato crop growth and 
development, Crop science, 24, 21-27. 
Iritani, W. M. and D. L. Weller 1987, The influence of physiological age, stem numbers 
and fertility on yield and grade of russet burbank potatoes, American Potato Journal, 64, 
291-299. 
Iritani, W. M., D. L. Weller and N. R. Knowles 1983, Relationships between stem 
number, tuber set and yield of Russet Burbank potatoes, American Potato Journal, 60, 
423-431. 
Jackson, S. D. 1999, Multiple signaling pathways control tuber induction in potato, 
Plant Physiology, 119, 1-8. 
Jamieson, P. D., P. J. Stone, R. F. Zyskowski, S. Sinton and R. J. Martin 2004, 
Implementation and testing of potato calculator, a decision support system for nitrogen 
and irrigation management In Decision support systems in potato production. Bringing 
models to practice (Eds, Mackerron, D. K. L. and A. J. Haverkort) Wageningen 
Academic Publisher, The Netherlands, pp. 88-99. 
Jefferies, R. A. 1989, Water stress and leaf growth in field-grown crops of potato 
(Solanum tuberosum L.), Journal of Experimental Botany, 40, 1375-13. 
Jefferies, R. A. 1993, Responses of potato genotypes to drought. I. Expansion of 
individual leaves and osmotic adjustment, Annals of Applied Biology, 122, 93-104. 
180 
References 
Jefferies, R. A. and H. M. Lawson 1991, A key for the stages of development of potato 
(solanum-tuberosum), Annals of Applied Biology, 119, 387-399. 
Jefferies, R. A. and D. K. L. Mackerron 1987, Thermal time as a non-destructive method 
of estimating tuber initiation in potatoes, Journal of Agricultural Science, 108, 249-252. 
Jefferies, R. A. and D. K. L. MacKerron 1993, Responses of potato genotypes to drought. 
II. Leaf area index, growth and yield, Annals of Applied Biology, 122, 105-112. 
Jenkins, P. D., T. C. Gillison and A. S. Al Saidi 1993, Temperature accumulation and 
physiological aging of seed potato-tubers, Annals of Applied Biology, 122, 345-356. 
Jinks, R. L., I. Willoughby and C. Baker 2006, Direct seeding of ash (Fraxinus excelsior 
L.) and sycamore (Acer pseudoplatanus L.): The effects of sowing date, pre-emergent 
herbicides, cultivation, and protection on seedling emergence and survival, Forest 
Ecology and Management, 237, 373-386. 
Johansen, T. J. 2006, Northern vigour of seed potatoes - fact or fiction, In. NJF-Seminar 
386. Potato seed: Physiological age, disease and variety testing in the Nordic countries, 
Nordic Association of Agricultural Scientiests (NJF), Sigtune, Sweden, Vol. 2 No. 1, pp. 
10-12 
Johansen, T. J. and J. Nilsen 2004, Influence of low growth temperature on 
physiological age of seed potatoes, Acta Agric. Scand., Sect. B, Soil and Plant Science, 
54, 185-188. 
Johnson, K. B., S. B. Johnson and P. S. Teng 1986, Development of a simple potato 
growth model for use in crop-pest management, Agricultural Systems, 19, 189-209. 
Jones, C. A. and J. R. Kiniry 1986, Ceres-maize: A simulation model of maize growth 
and development, Texas A & M University Press, College Station, Texas. 
Jones, H. 1982, An overview of the Australian potato industry, Quarterly Review of the 
Rural Economy, 4. CABI:19821892354 
181 
References 
Jones, J. W., G. Y. Tsuji, G. Hoogenboom, L. A. Hunt, P. K. Thornton, P. W. Wilkens, 
D. T. Imamura, W. T. Bowen and U. Singh 1998, Decision support system for 
agrotechnology transfer In Understanding options for agricultural production (Eds, 
Tsuji, G. Y., G. Hoogenboom andP. K. Thornton) Kluwer Academic Publishers, 
Dordrecht, the Netherlands, pp. 157-177. 
Kabat, P. and R. A. Feddes 1995, Modelling soil water dynamics and crop water uptake 
at the field level In Modelling and parameterization of the soil-plant-atmosphere system 
(Eds, Kabat, P., B. Marshall, B. van den Broek, J. Vos and H. van Keulen) Wageningen 
Pers, Wageningen, pp. 103-134. 
Kabat, P., B. Marshall and B. J. van den Broek 1995, Comparison of simulation results 
and evaluation of parameterization schemes In Modelling and parameterization of the 
soil-plant-atmosphere system (Eds, Kabat, P., B. Marshall, B. van den Broek, J. Vos and 
H. van Keulen) Wageningen Pers, Wageningen, pp. 439-501. 
Kang, Y., F.-X. Wang, H.-J. Liu and B.-Z. Yuan 2004, Potato evapotranspiration and 
yield under different drip irrigation regimes, Irrigation Science, 23, 133-143. 
Karafyllidis, D. I., N. Stavropoulos and D. Georgakis 1996, The effect of water stress on 
the yielding capacity of potato crops and subsequent performance of seed tubers, Potato 
Research, 39, 153-163. 
Kawakami, K. 1978, Age of potato tubers as criteria of seed values In Indian potato 
association, Simla: International seminar on 'approaches towards increasing the potato 
production in developing countries' November 20-23, 1978. Abstracts. 
Keating, B. A., P. S. Carberry, G. L. Hammer, M. E. Probert, M. J. Robertson, D. 
Holzworth, N. I. Huth, J. N. G. Hargreaves, H. Mienke, Z. Hochman, G. McLean, K. 
Verburg, V. 0. Snow, J.P. Dimes, M. Silburn, E. Wang, S. Brown, K. L. Bristow, S. 
Asseng, S. C. Chapman, R. L. McCown, D. M. F. and and C. J. Smith 2003, An 
overview of APSIM, a model designated for farming systems simulation, European 
Journal of Agronomy, 18, 267-288. 
182 
References 
Keating, B. A., P. S. Carberry and M. J. Robertson 1999, Simulating N fertiliser 
response in low-input farming systems 2. Effect of weed competition In Proceeding of 
the International Symposium: Modeling cropping systems" (Eds, Donatelli, M., C. 
Stockle, F. Villalobus and J.M. Villar Mir) Lleida, Spain, 21-23 June 1999. 
Keating, B. A., D. C. Godwin and J. M. Watiki 1991, Optimizing nitrogen inputs in 
response to climatic risk In Climatic risk in crop production: Models and management 
for the semiarid tropics and subtropics. Proceedings of an international symposium, 
Brisbane, Australia, 2-6 july, 1990. CAB International, Wallingford UK. 
Khan, H. U. R., W. Link, T. J. Hocking and F. L. Stoddard 2007, Evaluation of 
physiological traits for improving drought tolerance in Faba bean (Vicia faba L.), Plant 
and Soil, 292, 205-217. 
King, B., J. Strak and S. Love 2003, Potato production with limited water supplies In 
Idaho Potato Conference, January 23, 2003, Idaho. 
King, B. A. and J.C. Stark 1997, Potato irrigation management, viewed 
<http://info.ag.uidaho.edu/resources/PDFs/BUL0789.pdf>. 
King, B. A., J. C. Stark and R. W. Wall 2006, Comparison of site-specific and 
conventional uniform irrigation management for potatoes, Applied Engineering in 
Agriculture, 22, 677-688. 
Kirk, W.W. and B. Marshall 1992, The influence of temperature on leaf development 
and growth in potatoes in controlled environments, Annals of Applied Biology, 120, 511-
525. 
Kleinkopf, G. E., T. L. Brandt and N. Olsen 2003, Physiology of tuber bulking In Idaho 
Potato Conference, January 23, 2003, Idaho. 
Klemke, T. and A. Moll 1990, Model for simulation of potato growth from planting to 
emergence, Agricultural Systems, 32, 295-304. 
183 
References 
Knowles, N. R. and G. I. Botar 1991, Modeling the effects of potato seed-tuber age on 
plant establishment, Canadian Journal of Plant Science, 71, 1219-1232. 
Knowles, N. R. and G. I. Botar 1992, Effect of altering the physiological age of potato 
seed-tubers in the fall on subsequent production in a short-season environment, 
Canadian Journal of Plant Science, 72, 275-287. 
Knowles, N. R., L. Knowles and G. N. M. Kumar 2003, Stem number and tuber set 
relationships for Russet Burbank, Ranger and Umatilla Russet potatoes in the Columbia 
Basin In Potato Progress, Vol. III. 
Knowles, N. R. and L. 0. Knowles 2006, Manipulating stem number, tuber set, and 
yield relationship for northern- and southern-grown potato seed lots, Crop Science, 46, 
284-296. 
Koning, R. E. 1994, Cell cycle. Plant physiology information website, viewed 10 April 
2008, <http ://plantphys.info/Plant Physiology/cellcycle.html.>. 
Kooman, P. L., M. Fahem, P. Tegera and A. J. Haverkort 1996, Effects of climate on 
different potato genotypes. 2. Dry matter allocation and duration of the growth cycle, 
European Journal of Agronomy, 5, 207-217. 
Kooman, P. L. and A. J. Haverkort 1995, Modelling development and growth of the 
potato crop influenced by temperature and daylength: LINTUL-POTATO In Potato 
ecology and modelling of crops under conditions limiting growth (Eds, Haverkort, A. J. 
and D. K. L. Mackerron) Kluwer Academic Publisher, Netherland, pp. 41-60. 
Kooman, P. L. and R. Rabbinge 1996, An analysis of the relation between dry matter 
allocation to the tuber and earliness of a potato crop, Annals of Botany, 77, 235-242. 
Kooman, P. L. and C. J. T. Spitters 1995, Coherent set of models to simulate potato 
growth In Modelling and parameterization of the soil-plant-atmosphere system, a 
comparison of potato growth models (Eds, Kabat, P, B. Marshall, B.J. van den Broek, J. 
Vos and H. van Keulen.) Wageningen Pers, Wageningen, pp. 235-274. 
184 
References 
Korableva, N. P., K. A. Karavaeva and L. V. Melitskii 1980, The changes in abscisic 
acid content in potato tuber tissues during deep dormancy and germination, Fiziologiya 
Rastenii, 27, 441 pp. 
Kritjhe, N. 1962, Observations on the sprouting of seed potatoes, European Potato 
Journal, 5, 316-333. 
Kumar, D., B. P. Singh and P. Kumar 2004, An overview of the factors affecting sugar 
content of potatoes, Annals of Applied Biology, 145, 247-256. 
Kumar, G. N. M., R. L. Houtz and N. R. Knowles 1999, Age-induced protein 
modifications and increased proteolysis in potato seed-tubers, Plant Physiology, 119, 89-
99. 
Kumar, G. N. M. and N. R. Knowles 1993a, Age of potato seed-tubers influences 
protein synthesis during sprouting, Physiologia Plantarum, 89, 262-270. 
Kumar, G. N. M. and N. R. Knowles 1993b, Changes in lipid peroxidation and lypolytic 
and free-radical scavenging enzyme activities during aging and sprouting of potato 
(Solanum tuberosum L.) seed-tubers, Plant Physiology, 102, 115-124. 
Kumar, G. N. M. and N. R. Knowles 1993c, Involvement of auxin in the loss of apical 
dominance and plant growth potential accompanying aging of potato seed tubers, 
Canadian Journal of Botany, 71, 541-550. 
Kumar, G. N. M. and N. R. Knowles 1996a, Nature of enhanced respiration during 
sprouting of aged potato seed-tubers, Physiologia Plantarum, 97, 228-236. 
Kumar, G. N. M. and N. R. Knowles 1996b, Oxidative stress results in increased sinks 
for metabolic energy during aging and sprouting of potato seed tubers, Plant Physiology, 
112, 1301-1313. 
185 
References 
Laza, M., M. G. Scanlon and G. Mazza 2001, The effect of tuber pre-heating 
temperature and storage time on the mechanical properties of potatoes, Food Research 
International, 34, 659-667. 
Letnes, A. 1958, The effect of soil moisture on the sprouting of potatoes, European 
Potato Journal, 1, 27-32. 
Levy, D. 1983, Varietal differences in the response of potatoes to repeated short periods 
of water stress in hot climates. 2. Tuber yield and dry matter accumulation and other 
tuber properties, Potato Research, 26, 315-321. 
Levy, D., E. Fogelman and Y. Ytzhak 1993, Influence of water and soil-salinity on 
emergence and early development of potato (Solanum tuberosum L.) cultivars and effect 
of physiological age of seed tubers, Potato Research, 36, 335-340. 
Lisson, S. N., N. G. Inman-Bamber, M. J. Robertson and B. A. Keating 2005, The 
historical and future contribution of crop physiology and modelling research to 
sugarcane production systems, Field Crops Research, 92, 321-335. 
Lisson, S. N., N. J. Mendham and P. S. Carberry 2000, Development of a Hemp 
(Cannabis sativa L) simulation model 3. The effect of plant density on leaf appearance, 
expansion and senescence, Australian Journal of Experimental Agriculture, 40, 419-423. 
Loomis, R. S. and D. J. Connor 1992, Crop ecology: Productivity and management in 
agricultural systems, Cambridge University Press, Cambridge, Great Britain. 
Lovatt, J., K. Jackson, J. Kerr, J. Kilpatrick and C. Henderson 1997, Potato information 
kit, Queensland Department of Primary Industries, The state of Queensland. 
Love, S. L. and A. Thompson-Johns 1999, Seed piece spacing influences yield, tuber 
size distribution, stem and tuber density, and net returns of three processing potato 
cultivars, HortScience, 34, 629-633. 
186 
References 
Lyndon, R. F. 1968, Changes in volume and cell number in the different regions of the 
shoot apex of Pisum during a single plastochron, Ann Bot, 32, 371-390. 
MacKerron, D. K. L. 1984, Potato sprout emergence in soil as a function of temperature 
and time from planting In European Association for potato research, Abstracts 9th 
Triennial Congress, pp. 4364-4365. 
Mackerron, D. K. L. 2005, The 'seed rate challenge' - a full test of a decision support 
system In J 6th Triennal Conference of the EAP R European Association for Potato 
Research (Ed, Ritter, E., A. Carrascal) Vitoria-Gasteiz, Bilbao, Spain. 
MacKerron, D. K. L. 2007, Mathematical models of plant growth and development In 
Potato biology and biotechnology advances and perpective (Eds, Vreugdenhil, D., J. 
Bradshaw, C. Gebhardt, F. Govers, D. K. L. MacKerron, M. A. Taylor and H. A. Ross) 
Elsevier, Amsterdam, pp. 753-776. 
MacKerron, D. K. L. and R. A. Jefferies 1986, The influence of early soil moisture 
stress on tuber numbers in potato, Potato Research, 29, 299-312. 
MacKerron, D. K. L., B. Marshal and J. W. McNicol 2004, MAPP, the management 
advisory package for potatoes: Decision support means giving informed option not 
making decision In Decision support systems in potato production bringing models to 
practice (Eds, MacKerron, D. and A. Haverkort) Wageningen Academic Publishers, The 
Netherlands pp. 753-776. 
MacKerron, D. K. L., B. Marshall and R. A. Jefferies 1988, The distributions of tuber 
sizes in droughted and irrigated crops of potato. II. Relation between size and weight of 
tubers and the variability of tuber-size distributions, Potato Research, 31, 279-288. 
Mackerron, D. K. L. and P. D. Waister 1985, A simple model of potato growth and yield. 
Part I. Model development and sensitivity analysis, Agricultural and Forest 
Meteorology, 34, 241-252. 
187 
References 
MacMurdo, W., R. K. Prange and R. Veinot 1988, Nitrogen fertilization and petiole 
tissue testing in production of whole seed tubers of the potato cultivars Sebago and 
Atlantic, Canadian Journal of Plant Science, 68, 901-905. 
Mahdian, M. H. and J. Gallichand 1995, Validation of the substor model for simulating 
soil water content, Transactions of the ASAE, 38. 
Mahdian, M. H. and J. Gallichand 1997, Regional estimation of water deficit and potato 
yield in Quebec, Canadian Agricultural Engineering, 39, 165-175. 
Marinus, J. 1993, The effect of potato seed tuber age and soil-temperature on the 
phenomenon of non-emergence, Potato Research, 36, 63-69. 
Marinus, J. and K. B. A. Boadlaender 1975, Response of some potato varieties to 
temperature, Potato Research, 18, 189-204. 
Marshall, B. 2007, Decision support systems in potato production In Potato biology and 
biotechnology advances and perspective (Eds, Vreugdenhil, D., J. Bradshaw, C. 
Gebhardt, F. Govers, D. K. L. MacKerron, M. A. Taylor and H. A. Ross) Elsevier, 
Amsterdam, pp. 777-800. 
Martin, D. L. and D. J. Thrailkill 1993, Moisture and humidity requirements for 
germination of surface seeded corn, Applied Engineering in Agriculture, 9, 43-48. 
McCown, R. L., G. L. Hammer, J. N. G. Hargreaves, D. Holzworth and D. M. Freebaim 
1996, APSIM: A novel software system for model development, model testing and 
simulation in agricultural systems research, Agricultural Systems, 50, 255-271. 
McGee, E., J.M. C and D. H. J 1986, The relationship between temperature and sprout 
growth in stored seed potatoes, Potato Research, 29, 521-524. 
Menzel, C. M. 1985, Tuberization in potato at high temperatures: Interaction between 
temperature and irradiance, Annals of Botany, 55, 35-39. 
188 
References 
Midmore, D. J. 1984, Potato (Solanum spp.) in the hot tropics I. Soil temperature effects 
on emergence, plant development and yield, Field Crops Research, 8, 255-271. 
Midmore, D. J. 1988, Potato (Solanum spp.) in the hot tropics. VI. Plant population 
effects on soil temperature, plant development and tuber yield, Field Crops Research, 19, 
183-200. 
Midmore, D. J. and J. Roca 1992, Influence of production and storage-conditions on 
subsequent growth and tuber yield of potato (Solanum spp) in the hot tropics, Journal of 
Agricultural Science, 119, 45-58. 
Mikitzel, L. J. and N. R. Knowles 1989, Potato seed-tuber age affects mobilization of 
carbohydrate reserves during plant establishment, Annals of Botany, 63, 311-320. 
Mikitzel, L. J. and R. N. Knowles 1990, Effect of potato seed-tuber age on plant 
establishment and amelioration of age-linked effect of auxin, Plant Physiology, 93, 967-
975. 
Milthorpe, F. L. 1963, Some aspect of plant growth. An introductory survey In The 
growth of the potato. Proceeding of the tenth Easter school in agricultural science, 
University of Nottingham (Eds, Ivins, J. D. and F. L. Milthorpe) Butterworths, London. 
Moll, A. 1994, The effects of physiological aging of seed tubers on growth-
characteristics of 8 potato cultivars tested under controlled conditions, Potato Research, 
37, 11-20. 
Moorby, J. and F. L. Milthorpe 1975, Potato In Crop physiology (Ed, Evans, L. T.) 
Cambridge University Press, Cambridge. 
Moot, D., M. J. Robertson and K. Pollock 2001, Validation of Apsim-Lucerne model for 
phenological development in a cool-temperate climate In 2001 Australian Agronomy 
CoeferenceHobart, Tasmania. 
189 
References 
Morgutti, L. E., A. Abruzzese, N. Negrini, A. Rivetta, M. M. Quatrini and S. M. Cocucci 
1999, Changes in the potato (Solanum tuberosum L.) tuber at the onset of dormancy and 
during storage at 23 °C and 3 °C I. Biochemical and physiological parameters, Potato 
Research, 42, 189-201. 
Nagao, M. and B. Rubinstein 1976, Early events associated with lateral bud growth of 
Pisum sativum L., Bot. Gaz., 137, 39-44. 
Ng, E. and R. S. Loomis. 1979, A simulation model of potato crop. A final report for co-
operative agreement In. USDA Snake River Conservation Research Center, Kimberley, 
Idaho, 12-14-5001-287. 
Ng, E. and R. S. Loomis 1984, Simulation of growth and yield of the potato crop, Pu doc 
Wageningen. 
Nielson, M., W. M. Iritani and D. L. Weller 1989, Potato seed productivity: Factors 
influencing eye number per seed piece and subsequent performance, American Potato 
Journal, 66, 151-160. 
Nolte, P. 2001, Cold storage and seed potatoes In American Vegetable Grower, 
November 2001. 
Novoplansky, A. 1996, Hierarchy establishment among potentially similar buds, Plant, 
Cell and Environment, 19, 781-786. 
O' Brien, P. J. and E. J. Allen 1978, The relationship between storage temperature of 
seed tubers and tuber yields. In Abstract of conference papers 7th Triennal Conference 
EAPR Warsaw, pp. 18-19. 
O'Brien, P. J., E. J. Allen, J. N. Bean, R. L. Griffith, S. A. Jones and J. L. Jones 1983, 
Accumulated day-degrees as a measure of physiological age and the relationships with 
growth and yield in early potato varieties, Journal of Agricultural Science, 101, 613-631. 
190 
References 
O'Brien, P. J., E. J. Allen and D. M. Firman 1998a, A review of some studies into tuber 
initiation in potato (Solanum tuberosum) crops, Journal of Agricultural Science, 130, 
251-270. 
O'Brien, P. J., D. M. Firman and E. J. Allen 1998b, Effects of shading and seed tuber 
spacing on initiation and number of tubers in potato crops (Solanum tuberosum), Journal 
of Agricultural Science, 130. 
Olsen, N. 2001, How does storage, other factors affect seed? Long term study to give 
industry answers, viewed 7 September 2004, 
Olsen, N. 2004, Age and performance In Potato Storage International, Vol. 1, pp. 32-
33. 
Oparka, K. J. and H. V. Davies 1985, Translocation of assimilates within and between 
potato stems, Annals of Botany, 56, 45-54. 
Ouiam, L., 0. Said and J. F. Ledent 2003, The effect of drought and cultivar on growth 
parameters, yield and yield components of potato, Agronomie, 23, 257-268. 
Panela, M. and D. 0. Caldiz 1989, Influence of early haulm killing of seed crops on 
subsequent sprouting, physiological ageing and tuber yield, Potato Research, 32, 3-7. 
Pavlista, A. D. 2003, Priciples of irrigation scheduling, viewed 1 January 2004 
<www.panhandle.unl.edu/peyes.htm>. 
Pavlista, A. D. 2004, Physiological aging of seed tubers In Nebraska Potato Eyes, Vol. 
16, pp. 2-3. 
Penning de Vries, F. W. T., D. M. Jansen, H. F. M. ten Berge and A. Bakema 1989, 
Simulation of ecophysiological processes of growth in several annual crops, Pudoc, 
Wagenigen, Netherlands. 
Penning de Vries, F. W. T. and H. H. v. Laar, (Eds.) 1982, Simulation of plant growth 
and crop production. Simulation monograph., Pudoc, Wageningen. 
191 
References 
Perl, A., L. Willmitzer and E. Galun 1991, In vitro tuberization in transgenic potatoes 
harboring b-glucuronidase linked to a patatin promoter: Effects of sucrose levels and 
photoperiods, Plant Science, 73, 87-96. 
Phillips, I. D. J. 1975, Apical dominance, Annual Reviews, 26, 341-367. 
Probert, M. E., P. S. Carberry, R. L. McCown and J. E. Turpin 1998, Simulation of 
legume-cereal systems using apsim, Australia Journal of Agricultural Research, 49, 
317-328. 
Probert, M. E., J.P. Dimes, B. A. Keating, R. C. Dalal and W. M. Strong 1997, APSIM's 
water and nitrogen modules and simulation of the dynamics of water and nitrogen in 
fallow systems, Agricultural Systems, 56, 1-28. 
Regel, P.A. and P. J. Sands 1983, A model of the development and bulking of potatoes 
(Solanum tuberosum L.) IV. Daylength, plant density and cultivar effects, Field Crops 
Research, 6, 1-23. 
Reust, W., F. A. Winiger, T. Hebeisen and J.-P. Dutoit 2001, Assessment of the 
physiological vigour of new potato cultivars in Switzerland, Potato Research, 44, 11-17. 
Ritchie, J. T., T. S. Griffin and B. S. Johnson 1995, SUBSTOR: Functional model of 
potato growth, development and yield In Modelling and parameterization of the soi/-
plant-atmosphere system: A comparison of potato growth models.(Eds, Kabat, P., B. 
Marshall, B. van den Broek, J. Vos and H. van Keulen) Wageningen Pers, Wageningen 
Netherlands. 
Robertson, M. J., T. Benson and Z. Shamudzarira. 2000, Simulating nitrogen fertilizer 
response in low input farming system of malawi 1. Validation of crop response, In. Risk 
Management working paper, Mexico, D.F:CIMMYT Series 00/01, pp. 
192 
References 
Robertson, M. J., P. S. Carberry, N. I. Huth, J.E. Turpin, M. E. Probert, P. L. Poulton, 
M. Bell, G. C. Wright, S. J. Yeates and R. B. Brinsmead 2002, Simulation of growth and 
development of diverse legume species in apsim, Australia Journal of Agricultural 
Research, 53, 429-446. 
Robertson, M. J., J. F. Holland, J. A. Kirkegaard and C. J. Smith 1999, Simulating 
growth and development of canola in australia In 1 Oth International rapeseed congress 
The regional institute Ltd, Canberra, Australia. 
Roe, C. P. 1986, Controlling physiological age for maximum early potato production by 
the use of degree-day recordings, Meteorological Magazine, 115, 77-85. 
Ross, H. A. and H. V. Davies 1992, Sucrose metabolism in tubers of potato (Solanum 
tuberosum L.), Plant Physiology, 98, 287-293. 
Roth, 0., J. Derron, A. Fischlin, T. Nemecek and M. Ulrich 1990, Implementation and 
parameter adaptation of a potato crop simulation model combined with a soil water 
subsystem In lst Internbational Workshop on Potato Modelling(Eds, van den Broek, B. 
and B. Marshall) International Agricultural Center Wageningen, Pudoc, Wageningen, pp. 
29. 
Roy, S. K. and V. P. Jaiswal 1997, Effect of physiological age of seed tubers on sprout 
growth and yield of early-planted potato (Solanum tuberosum ), Indian Journal of 
Agricultural Science, 67, 159-160. 
Sale, P. J. M. 1973a, Productivity of vegetable crops in a region of high solar input. I. 
Growth and development of the potato (Solanum tuberosum ), Australia Journal of 
Agricultural Research, 24, 733-49. 
Sale, P. J. M. 1973b, Productivity of vegetable crops in a region of high solar input. II. 
Yield and efficiencies of water use and energy, Australia Journal of Agricultural 
Research, 24, 751-762. 
193 
References 
Sale, P. J.M. 1979, Growth of potatoes (Solanum tuberosum) to the small tuber stage as 
related to soil temperature, Australia Journal of Agricultural Research, 30, 667-675. 
Sands, P. J. 1989, A model of the development and bulking of potatoes (Solanum 
tuberosum L.) VI. Predicting the time of emergence, Field Crops Research, 20, 165-17 4. 
Sands, P. J., C. Hackett and H. A. Nix 1979, A model of the development and bulking of 
potatoes (Solanum tuberosum L.) I. Derivation from well managed field crops, Field 
Crops Research, 2, 309-331. 
Scaloppi, E. J. and E. C. Ferraz 1978, Dependence of plant growth on soil water regime 
(abstract), Anais da Esco/a Superior de Agricultura "Luiz de Queiroz", 35, 169-184. 
Schaupmeyer, C. 2001, Growing quality potatoes in Alberta, viewed 5 September 2004 
<http://wwwl.agric.gov.ab.ca/$department/deptdocs.nsf/all/opp4768#history>. 
Setter, T. L. and B. A. Flannigan 2001, Water deficit inhibits cell division and 
expression of transcripts involved in cell proliferation and enduroreplication in Maize 
endosperm, Journal of Experimental Botany, 52, 1401-1408. 
Settle, J. 1995, Postharvest changes in endogenous ABA levels and ABA metabolism in 
relation to dormancy in potato tubers, Physiologia Plantarum, 95, 233-240. 
Shae, J. B., D. D. Steele and B. L. Gregor 1999, Irrigation scheduling methods for 
potatoes in the northern Great Plains, Transactions of the ASAE, 42. 
Shahnazari, A., F. Liu, M. N. Andersen, S.-E. Jacobsen and C.R. Jensen 2007, Effects 
of partial root-zone drying on yield, tuber size and water use efficiency in potato under 
field conditions, Field Crops Research, 100, 117-124. 
Shimizu-Sato, S. and H. Mori 2001, Control of outgrowth and dormancy in axillary buds, 
Plant Physiology, 127, 1405-1413. 
SIMPLOT. 2007, Crop management service - profit from experience, Simplot Australia 
Pty Ltd. 
194 
References 
Singh, J. P., C. S. Praharaj, P. M. Govindakrishnan and S. S. Lal 2001, Performance of 
substor potato model under short day conditions in plains of India, Journal of the Indian 
Potato Association, 28, 28-29. 
Singh, U., R. B. Matthews, T. S. Griffin, J. T. Ritchie, L. A. Hunt and R. Goenaga 1998, 
Modeling growth and development of root and tuber crops In Understanding options for 
agricultural production.Kluwer Academic Publishers, Dordrecht Netherlands. 
Spitters, C. J. T. 1987, An analysis of vi;iriation in yield among potato cultivars in term 
of light absorption, ligth utilization and dry matter partitioning, Acta Horticulturae, 214, 
71-84. 
Spitters, C. J. T., H. Keulen, van and D. W. G. van Kraalingen 1989, A simple and 
universal crop growth simulator: SUCROS87. In Simulation and systems management in 
crop protection (Eds, R. Rabbinge, S. A. Ward and H. H. van Laar) Pudoc, Wageningen, 
The Netherlands, pp. 147 -181. 
Spitters, C. J. T. and A. H. C. M. Schapendonk 1990, Evaluation of breeding strategies 
for drought tolerance in potato by means of crop growth simulation, Plant and Soil, 123, 
193-203. 
Squire, G. R. 1995, Linkages between plant and weather in models of crop production In 
Modelling and parameterization of the soil-plant-atmosphere system (Eds, Kabat, P., B. 
Marshall, B. van den Broek, J. Vos and H. van Keulen) Wageningen Pers, Wageningen, 
pp. 77-102. 
Stafstrom, J. P. and I. M. Sussex 1988, Patterns of protein synthesis in dormant and 
growing vegetative buds of Pea, Planta, 176, 497-505. 
Stalham, M. A. and E. J. Allen 2004, Water uptake in the potato (Solanum tuberosum) 
crop, Journal of Agricultural Science, 142, 373-393. 
Stark, J. C. and S. L. Love 2003, Tuber quality In Potato production systems (Eds, Stark, 
J.C. andS. L. Love) University ofldaho Extension, USA, pp. 329-343. 
195 
References 
Stark, J. C. and J. L. Wright 1985, Relationship between foliage temperature and water 
stress in potatoes, American Potato Journal, 62, 57-67. 
Stevens, R., M. Skewes and D. Sparrow 2000, Water and salinity management In 
Australian Potato Research, Development and Technology Transfer Conference31 July 
to 2 August 2000, Adelaide, South Australia. 
Struik, P. C. 2006, Physiological age of the seed potato, In. NJF-Seminar 386. Potato 
seed: Physiological age, disease and variety testing in the Nordic countries, Nordic 
Association of Agricultural Scientiests (NJF), Sigtune, Sweden, Vol. 2 No. 1, pp. 3-5 
Struik, P. C. 2007a, Above-ground and below-ground plant development In Potato 
biology and biotechnology advances and perpective(Eds, Vreugdenhil, D., J. Bradshaw, 
C. Gebhardt, F. Govers, D. K. L. MacKerron, M. A. Taylor and H. A. Ross) Elsevier, 
Amsterdam, pp. 217-236. 
Struik, P. C. 2007b, Responses of the potato plant to temperature In Potato biology and 
biotechnology advances and perpective (Eds, Vreugdenhil, D., J. Bradshaw, C. Gebhardt, 
F. Govers, D. K. L. MacKerron, M. A. Taylor and H. A. Ross) Elsevier, Amsterdam, pp. 
367-394. 
Struik, P. C., A. J. Haverkort, D. Vreugdenhil, C. B. Bus and R. Dankert 1990, 
Manipulation of tuber-size distribution of a potato crop, Potato Research, 33, 417-432. 
Struik, P. C., P. E. L. van der Putten, D. 0. Caldiz and K. Scholte 2006, Response of 
stored potato seed tubers from contrasting cultivars to accumulated day-degrees, Crop 
Science, 46, 1156-1168. 
Struik, P. C., D. Vreugdenhil, A. J. Haverkort, C. B. Bus and R. Dankert 1991, Possible 
mechanisms of size hierarchy among tubers on one stem of a potato (Solanum 
tuberosum L.) plant, Potato Research, 34, 187-203. 
Struik, P. C. and S. G. Wiersema 1999, Seed potato technology, Wageningen Press, 
Wageningen, The Netherland. 
196 
References 
Sutater, T., J. Wiroatmodjo, S. Solahuddin, L. I. Nasoetion, A. Bey and M. A. Nur. 1987, 
Pertumbuhan dua varietas kentang (Solanum tuberosum 1) di lingkungan dataran rendah., 
In. Postgraduate Program, Bogor Institute of Agriculture, Bogor, Indonesia, pp. 13 
Suttle, J. C. 2000, The role of endogenous hormones in potato tuber dormancy In 
Dormancy in plants from whole plant behaviour to cellular control(Eds, Viermont, J.-D. 
andJ. Crabbe) CAB International, Oxon, UK, pp. 211-226. 
Suvorov, S. A. and V. V. Skurikhin 2003, Vermiculite-a promising material for high-
temperature heat insulators, Refractoriea and industrial ceramicss, 44, 186-193. 
Svensson, B. 1977, Changes in seed tubers after planting, Potato Research, 20, 215-218. 
Tekalign, T. and P. S. Hammes 2004, Response of potato grown under non-inductive 
condition to paclobutrazol: Shoot growth, chlorophyll content, net photosynthesis, 
assimilate partitioning, tuber yield, quality, and dormancy, Plant Growth Regulation, 43, 
227-236. 
Tomos, A. D., M. Malone and J. Pritchard 1989, The biophysics of differential growth 
In Differential growth in plants(Ed, Barlow, P. W.) Pergamon Press plc, United 
Kingdom, pp. 7-23. 
Travasso, M. I., D. 0. Caldiz and J. A. Saluzzo 1996, Yield prediction using the 
SUBSTOR potato model under Argentinean conditions, Potato Research, 39, 305-312. 
Uehara, G. and G. Y. Tsuji 1991, Progress in crop modelling in the ibsnat project In 
Climatic risk in crop production: Models and management in the semi-arid tropics and 
subtropics.(Eds, Muchow, R. C. and J. A. Bellamy) CAB International, Wallingford, pp. 
143-156. 
van Delden, A., M. J. Kropff and A. J. Haverkort 2001, Modeling temperature- and 
radiation-driven leaf area expansion in the contrasting crops potato and wheat, Field 
Crops Research, 72, 119-142. 
197 
References 
van Delden, A., A. Pecio and A. J. Haverkort 2000, Temperature response of early foliar 
expansion of potato and wheat, Annals of Botany, 86, 355-369. 
van den Broek, B. J. and P. Kabat 1995, SW A CROP: Dynamic simulation model of soil 
water and crop yield applied to potatoes In Modelling and parameterization of the soil-
plant-atmosphere system, a comparison of potato growth models (Eds, Kabat, P., B. 
Marshall, B. J. v. d. Broek, J. Vos and H. van Keulen) Wageningen Pers, Wageningen, 
pp. 299-334. 
van der Zaag, D. E. and C. D. van Loon 1987, Effect of physiological age on growth 
vigor of seed potatoes of two cultivars .5. Review of literature and integration of some 
experimental results, Potato Research, 30, 451-472. 
van Es, A. and K. J. Hartmans 1987, Effect of physiological age on growth vigor of seed 
potatoes of two cultivars .2. Influence of storage period and storage temperature on dry 
matter content and peroxidase activity of sprouts, Potato Research, 30, 411-421. 
van Haren, R. J. F., M. van Oijen, P. A. Leffelaar and A. H. Haverkort 1998, 
Application and description of the LINTUL-potato crop growth model In Information 
technology as a tool to assess land use options in space and time:Proceedings of an 
international workshop, September 28 - October 4, 1997 (Eds, Stoorvogel, J. J., J. 
Bouma and W. T. Bowen) International centre of potato, Lima, Peru, pp. 43-57. 
van Ittersum, M. K. 1993, Advancing growth vigor of seed potatoes by storage-
temperature regimes, Netherlands Journal of Agricultural Science, 41, 23-36. 
van Ittersum, M. K., K. Scholte and L. J. P. Kupers 1990, A method to assess cultivar 
differences in rate of physiological ageing of seed tubers, American Potato Journal, 67, 
603-613. 
van Loon, C. D. 1981, The effect of water stress on potato growth, development, and 
yield, American Potato Journal, 58, 51-69. 
198 
References 
van Loon, C. D. 1987, Effect of physiological age on growth vigor of seed potatoes of 
two cultivars .4. Influence of storage period and storage-temperature on growth and 
yield in the field, Potato Research, 30, 441-450. 
van Es, A. and K. J. Hartmans 1987, Effect of physiological age on growth vigor of seed 
potatoes of two cultivars .2. Influence of storage period and storage-temperature on dry-
matter content and peroxidase-activity of sprouts, Potato Research, 30, 411-421. 
Vecchio, V., P. Casini and M. Caligiuri 1991, Effect of planting density of potato 
(Solanum tuberosum L.) cultivars on yield and seed tuber size distribution, Sementi 
Elette, 37. 
Viola, R., M.A. Taylor and K. J. Oparka. 2001, Meristem activation in potato: Impact 
on tuber formation, development and dormancy, In. Annual report 200012001, Scottish 
Crop Research Institute, Dundee, pp. 99-102 
Vos, J. 1995, Foliar development of the potato plant and modulations by environmental 
factors In Modelling and parameterization of the soil-plant-atmosphere system, a 
comparison of potato growth models (Eds, Kabat, P., B. Marshall, B. J. van den Broek, J. 
Vos and H. van Keulen) Wageningen Pers, Wageningen, pp. 21-38. 
Vos, J. and H. Biemond 1992, Effects of nitrogen on the development and growth of the 
potato plant. 1. Leaf appearance, expansion growth, life spans of leaves and stem 
branching, Annals of Botany, 70, 27-35. 
Vos, J. and A. J. Haverkort 2007, Water availability and potato crop performance In 
Potato biology and biotechnology advances and perspective (Eds, Vreugdenhil, D., J. 
Bradshaw, C. Gebhardt, F. Govers, D. K. L. MacKerron, M.A. Taylor and H. A. Ross) 
Elsevier, Amsterdam, pp. 331-352. 
Vos, J. and P. E. L. van der Putten 1998, Effect of nitrogen supply on leaf growth, leaf 
nitrogen economy and photosynthetic capacity in potato, Field Crops Research, 59, 63-
72. 
199 
References 
Vos, J. and P. E. L. van der Putten 2001, Effects of partial shading of the potato plant on 
photosynthesis of treated leaves, leaf area expansion and allocation of nitrogen and dry 
matter in component plant parts, European Journal of Agronomy, 14, 209-220. 
Vreugdenhil, D. 2004, Comparing potato tuberization and sprouting: Opposite 
phenomena?, American Journal of potato research, 81, 275-280. 
Wang, B. Y. 1982, Effect of temperature on the germination of potato seed tubers, 
Scientia Agricultura Sinica, 3, 28-31. 
Westerman, D. T. 1993, Fertility management In Potato helath management(Ed, Rowe, 
R. C.) The American Phytopathological Society, USA. 
Whalley, W. R., J. Lipiec, W. E. Finch-Savage, R. E. Cope, L. J. Clark and H. R. Rowse 
2001, Water stress can induce quiescence in newly-germinated onion (Allium cepa L.) 
seedlings, J. Exp. Bot., 52, 1129-1133. 
Wheeler, R. M. and T. W. Tibbits 1997, Influence of changes in daylength and carbon 
dioxide on the growth ofpotato*l, Annals of Botany, 79, 529-533. 
Wiersema, S. G. 1985, Physiological development of potato seed tubers In Technical 
Information Bulletinlnternational potato center, Lima, Peru, pp. 7-8. 
Wiersema, S. G. and R. H. Booth 1985, Influence of growing and storage conditions on 
the subsequent performance of seed potatoes under short-day conditions, Potato 
Research, 28, 15-25. 
Williams, C., K. Jackson and N. Maier 2000, Agronomy overview - best management 
practices and future direction In Australian Potato Research, Development and 
Technology Transfer Conference 3 l July to 2 August 2000, Adelaide, South Australia. 
Wilson, C. R., B. M. Pemberton and L. M. Ransom 2001, The effect of irrigation 
strategies during tuber initiation on marketable yield and development of common scab 
disease of potato in Russet Burbank in Tasmania, Potato Research, 44, 243-251. 
200 
\ 
References 
Wilson, C. R., L. M. Ransom and B. M. Pemberton 1999, The relative importance of 
seed-borne inoculum to common scab disease of potato and the efficacy of seed tuber 
and soil treatments for disease control, Journal of Phytopathology, 147, 13-18. 
Wurr, D. C. E. 1978, Studies of the measurement and interpretation of potato sprout 
growth, Journal of Agricultural Science, 90, 335-340. 
Wurr, D. C. E., J. R. Fellows, J.M. Akehurst, A. J. Hambidge and J. R. Lynn 2001, The 
effect of cultural and environmental factors on potato seed tuber morphology and 
subsequent sprout and stem development, Journal of Agricultural Science, 136, 55-63. 
Wurr, D. C. E., J. R. Fellows, J. R. Lynn and E. J. Allen 1993, The impact of some 
agronomic factors on the variability of potato tuber size distribution, Potato Research, 
36, 237-245. 
Xu, X., D. Vreugdenhil and A. A. M. van Lammeren 1998, Cell division and cell 
enlargement during potato tuber formation, Journal of Experimental Botany, 49, 573-
582. 
Yuan, F. and W. Bland 2004, Light and temperature modulated expolinear growth 
model for potato (Solanum tuberosum L.), Agricultural and Forest Meteorology, 121, 
141-151. 
201 
